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1.  INTRODUCTION 
1.1  Problem Definition 
There has been significant recent concern about the potential impact on the 
environment due to highway construction and repair (C&R) materials that are currently 
used and are proposed for use on this nation's highways. Both new materials and 
incorporated waste materials could pose a threat. New materials often contain extensive 
suites of organic and metallic compounds. The inclusion of waste materials in mixes and 
fills from many industries has greatly added to the perception of highways as "linear 
landfills". The National Cooperative Highway Research Program (NCHRP) has funded 
research at Oregon State University in order to further clarify what materials introduce 
potentially toxic leachates and to determine the fate and transport of any toxic 
constituents. Laboratory efforts for the NCHRP project include chemical analysis and 
toxicity screening. A computer model is under development in order to couple toxicity 
and chemistry laboratory data with simulated highway environments. 
The leachates from highway C&R materials are typically chemically complex, 
often containing a combination of both multiple organic and multiple metallic molecules 
in solution. Although detailed chemical analysis can be conducted on these leachates, 
the extensive chemistry involved in a detailed analysis for a large number of samples 
taken from not only leachate tests, but also from environmental factor tests (e.g., sorption, 2 
volatilization, photolysis, biodegradation) is prohibitively expensive for a large number of 
materials. A laboratory is thus left with the ability to conduct only a smaller battery of 
tests on the many samples produced to identify the potentially toxic constituents or on a 
surrogate chemical that indicates toxicity. In addition, even where the complete 
chemistry of a complex mixture is known, the toxicity of this mixture can be quite hard to 
predict. Toxicity testing can be conducted on samples that are taken from both leaching 
and environmental tests. For a given leachate or sample, a set of chemical properties can 
be determined, typically a chemical concentration of some component (e.g., a specific 
organic compound or metal ion) or a surrogate (e.g., total organic carbon, or total metal 
concentration), and the corresponding toxicity of these samples to a specific organism can 
also be determined. 
The literature abounds with examples (e.g., Mills et al., 1985) accounting for the 
fate and transport of chemical constituents in the environment. There is, however, no 
current model available for predicting the fate and transport of the resulting toxicity of a 
complex mixture. A computer model based empirically on the laboratory data collected 
by the NCHRP project and hydraulic and chemical theory would provide a quantitative 
evaluation of the toxicity of complex leachates in specific highway environments. 
1.2  Statement of Purpose 
The quantification of the toxicity of a leachate as it progresses through an 
environmental system is a complex matter. Significant quantities of chemical and 
toxicity data have been collected in the laboratory phase of the NCHRP Project entitled 3 
Environmental Impact of Highway Construction and Repair Materials on Surface and 
Ground Waters. This research will use laboratory data in a computer model to describe 
the fate and transport of the toxicity of highway construction and repair material leachates 
in typical highway environments. 
The tests selected to identify the interactions between specific environmental 
processes and leachates yield empirically derived functions for each process. The 
environmental tests conducted include: long term and short term batch leaching, flat plate 
leaching, column leaching, sorption onto three different soils, photolysis, biodegradation, 
and volatilization. Chemically the tests provide a specific analysis of some particular 
chemical component or surrogate. The toxicity testing conducted on every sample 
collected additionally provides an overall view of complex toxicological interactions and 
a direct measure of the toxicity of a mixture. 
The model created integrates all of these individual tests with an analysis of 
transport and fate and predicts the toxicity of the water-borne leachate as it migrates along 
surface and subsurface pathways away from a C&R site. The model demonstrates both 
the use of chemistry directly to identify a surrogate for prediction of the toxicity of a 
leachate, and empirical modeling of toxicity without the use of a surrogate. 
The model was developed in order to determine the potential impact of highway 
construction and repair materials on the environment. The research involved provides a 
modeling tool for future prediction of the effects of other materials on near-highway 
environments. In addition, the effects of environmental parameters on the toxicity of 
resulting leachates can be studied for specific locations and conditions. Given a sufficient 
set of experimental data, this model integrates field conditions and laboratory findings. 4 
Once the chemical fate and transport of toxic constituents in C&R leachates are 
predicted using the model, the potential impact on the near-highway environment can be 
evaluated. 5 
2.  BACKGROUND AND LITERATURE REVIEW 
2.1  NCHRP Project History and Laboratory Work 
2.1.1  NCHRP Phase I 
A complete detailed report of activities that took place and results obtained during 
Phase I of the NCHRP project can be found in the Final Report (Eldin et al., 1996). 
Phase I of the NCHRP project focused on the selection of approximately 100 C&R 
materials used commonly in highway repair and construction. The laboratory testing 
section of Phase I screened 20 of these materials for acute toxicity to Daphnia magna and 
algae. In addition, more detailed testing was conducted on ten of these materials that 
warranted further investigation. The additional testing included genotoxicity testing, 
range-finding acute toxicity testing, and chemical analysis. Three of the ten materials 
also underwent testing to determine the effects of field conditions on toxicity. A large 
body of data resulted from Phase I activities. Specific results can be obtained from a 
database included in the model developed in addition to the Final Report. 
2.1.2 NCHRP Phase II 
Phase II is currently still in progress at the writing of this thesis. Work on Phase II 
of the NCHRP project is expected to continue through August 1998. At that time a 
complete final report will be available. Currently, Phase II information on the progress 6 
and scope can be found in the Interim Progress Report (Eldin et al., 1997) and quarterly 
reports by date (Eldin et al., 1997). 
A brief discussion of the object and activities that define Phase II is presented to 
give background support. Phase II has three main operational tasks: 1)Determination of 
toxic properties of leachates of materials and modification of the effects observed by 
environmental conditions, 2)Determination of chemistry involved with toxicity for all 
samples taken, and 3)Modeling of results from laboratory testing in simulated reference 
environments. 
One of the tasks for Phase II was the development and demonstration of 
procedures for the analysis of highway C&R materials. For details of the protocols used 
in the study refer to Interim Progress Report (Eldin et al., 1997). Materials in the study 
can principally be separated into three types: materials applied on the surface or 
incorporated into the mix of a roadway, materials used as embankment fill, and materials 
used as/on piles. Tests are conducted according to Table 2.1.2.1. 
Table 2.1.2.1  Laboratory Tests Conducted for Each Reference Environment 
Leaching Tests  Removal/Reduction/Retardation Processes 
Reference Environment  Batch  Flat Plate  Column  Photolysis  Volatilization  Biodegradation  Soil Sorption 
Permeable Highway  x  x  x  x  x  x 
Impermeable Highway  x  x  x  x 
Pile  x  x  x  x 
Fill  x  x  x  x 
Table 2.1.2.1 is a general guide. For example, metals do not require 
biodegradation, photolysis, or volatilization testing, and other situations exist that also 7 
limit the number and extent of tests run. In all cases, batch testing is performed first, in 
order to intelligently design the course of experimentation required for each material. 
Further details on experimental design are explicitly described in the interim and monthly 
reports. For every sample taken, toxicity and chemistry are evaluated. The results are 
quite extensive and provide the raw data for development of the predictive model. At this 
time, Phase II laboratory results are available for all materials listed in Table 2.1.2.2. 
Table 2.1.2.2  Materials Fully Laboratory Tested in Phase II 
Material 
2,4,6 Trichlorophenol (TCP) 
Ammoniacal Copper Zinc 
Arsenate Treated Wood 
(ACZA) 
Methyl Methacrylate Deck 
Sealer (MMA) 
Asphalt Concrete Control for 
All Materials Except Shingles 
Mix 
Brief Description 
Compound was sorbed to iron-oxide 
coated sand and allowed to desorb in 
leaching tests. Used as a development 
compound for laboratory experiments. 
This material is treated wood that is often 
used in construction for piles, guard rail 
support, sign posts, and similar 
applications. Treatment prevents 
microbial and pest attack. 
Methyl Methacrylate Deck sealer is used 
on highway surfaces needing mild 
rehabilitation. It is an synthetic polymer 
resin used on the pavement surface. 
Control mix without waste materials 
added to aggregate. Used for foundry 
sand AC, crumb rubber AC, steel slag 
BOF AC, steel slag EAF AC, bottom ash 
AC mixes. 
General Toxicity Results 
Demonstrated toxicity 
sufficient to QA/QC 
toxicity testing using 
standard concentrations. 
Significant toxicity was 
observed in all tests in the 
laboratory and thus 
warranted modeling of this 
material in piling 
applications. 
Significant toxicity was 
observed in laboratory 
experiments and thus 
warranted modeling of this 
material on the 
impermeable and 
permeable highway 
surfaces. 
No significant toxicity was 
observed in the laboratory 
and therefore the use of 
this material as a control 
for waste amended mixes 
was justified. 8 
Table 2.1.2.2, continued 
Foundry Sand Amended 
Asphalt Concrete (AC) Mix 
Shingles Amended Asphalt 
Concrete Mix 
Asphalt Concrete Control for 
Shingle Mix 
SEMASS Amended Asphalt 
Concrete Mix 
Bottom Ash Amended Asphalt 
Concrete Mix 
Crumb Rubber Amended 
Asphalt Concrete Mix 
Steel Slag BOF Amended 
Asphalt Concrete Mix 
Foundry sand mixed into asphalt concrete 
using standard Oregon DOT 
specifications to maximum allowable 
amount governed by particle size. 
Chopped shingles mixed into asphalt 
concrete using standard Oregon DOT 
specifications to maximum allowable 
amount governed by particle size.. 
Control mix without waste materials 
added to aggregate. Used for shingles 
asphalt mix. A different asphalt stock 
was used for the shingles mix. 
SEMASS (solid waste incinerator bottom 
ash) mixed into asphalt concrete using 
standard Oregon DOT specifications to 
maximum allowable amount governed by 
particle size. 
Coal fired power plant bottom ash mixed 
into asphalt concrete using standard 
Oregon DOT specifications to maximum 
allowable amount governed by particle 
size. 
Crumb rubber (crushed used tire material) 
mixed into asphalt concrete using 
standard Oregon DOT specifications to 
maximum allowable amount governed by 
particle size 
Steel slag mixed into asphalt concrete 
using standard Oregon DOT 
specifications to maximum allowable 
amount governed by particle size. 
Toxicity was observed in 
laboratory experiments and 
thus warranted modeling of 
this material on the 
impermeable and 
permeable highway 
surfaces. 
No significant toxicity was 
observed in the laboratory 
and therefore modeling of 
this material would not 
shed additional light over 
and above laboratory 
experiments. 
No significant toxicity was 
observed in the laboratory 
and therefore the use of 
this material as a control 
for waste amended mixes 
was justified. 
Toxicity was observed in 
laboratory experiments and 
thus warranted modeling of 
this material on the 
impermeable and 
permeable highway 
surfaces. 
No significant toxicity was 
observed in the laboratory 
and therefore modeling of 
this material would not 
shed additional light over 
and above laboratory 
experiments. 
Toxicity was observed in 
laboratory experiments and 
thus warranted modeling of 
this material on the 
impermeable and 
permeable highway 
surfaces. 
No significant toxicity was 
observed in the laboratory 
and therefore modeling of 
this material would not 
shed additional light over 
and above laboratory 
experiments. 9 
Table 2.1.2.2, continued 
Steel Slag EAF Amended 
Asphalt Concrete Mix 
Steel slag from the electric arc furnace 
process mixed into asphalt concrete using 
standard Oregon DOT specifications to 
No significant toxicity was 
observed in the laboratory 
and therefore modeling of 
maximum allowable amount governed by  this material would not 
particle size.  shed additional light over 
and above laboratory 
experiments. 
Fly Ash Fill  Coal fired power plant fly ash mixed with 
aggregate at maximum allowable content 
No significant toxicity was 
observed in the laboratory 
for highway fill material based on percent  and therefore modeling of 
fines.  this material would not 
shed additional light over 
and above laboratory 
experiments. 
Phosphogypsum Fill  Phosphogypsum mixed with aggregate at 
maximum allowable content for highway 
Toxicity was observed in 
laboratory experiments and 
fill material based on percent fines.  thus warranted modeling of 
this material in 
embankment fill. 
Modeling of this material is 
not directly addressed in 
this thesis. Modeling of 
this compound can be seen 
in the digital copy of the 
computer model. 
Note:  EOF = electric arc furnace 
BOF = basic oxygen furnace 
The predictive model presented in this thesis is a subset of the model developed 
thus far for the NCRHP project Phase II. This thesis focuses on those sections of the 
model relevant to the prediction of toxicity though empirical relationships between 
toxicity, chemical concentration, and independent variables specific to a given laboratory 
test.  Four reference environments are addressed here: the impermeable environment, 
permeable environment, the pile environment, and to a lesser degree, the borehole 
environment, which is very similar to the piling environment. Two additional 
environments are addressed in the NCHRP study: the fill and culvert environments. The 10 
digital copy of the model includes all six environments and can be obtained from Oregon 
State University, Department of Civil, Construction, and Environmental Engineering. 
2.2  Background and Literature Related to Toxicity 
2.2.1  Toxicity Measurement 
The measurement of toxicity allows a laboratory to measure quantitatively the 
direct effects of a leachate on aquatic organisms. Significant research has indicated that 
laboratory toxicity testing is a useful tool for prediction of the effects in the field if carried 
out in an appropriate manner. Specific support for the use of toxicity testing and the 
overall rationale for applying laboratory results to field conditions are given by Mount et 
al. (1984), Mount and Norberg-King (1985 and 1986), Mount et al. (1985), Norberg-King 
and Mount (1986), Mount et al. (1986a,b), Thomas et al. (1986), and Peterson et al. 
(1985). Detailed descriptions of the experiments used in this study can be found in the 
Interim Report (Eldin et al.,1997). 
There are two main types of toxicity testing from a response standpoint, chronic 
and acute. Chronic testing measures the long term effects of a contaminant on an 
organism. The period for testing is a significant part of the organism's life span. Some of 
the responses measured in chronic testing include reproduction, gestation period, and 
other developmental factors. On the other hand, acute toxicity testing targets short term 
effects of chemicals. Short term effects include starvation, organ failure, slowed 
growth, decreased metabolism, etc..  All of the tests run for Phase II of the NCHRP 
study focus on acute toxicity. 11 
Definitive toxicity testing consists of measuring the effects different doses of 
some specific contaminant, or some complex mixture when measuring whole-effluent 
toxicity, have on a test population of organisms. For this study three types of organisms 
were chosen: water fleas (Daphnia magna), algae (Selenastrum capriconutum), and 
Microtox (Photobacterium phosphoreum). In the laboratory, algae was used most often 
due to its sensitivity and ease of use. Daphnia testing was conducted for most samples 
but does not provide a high level of sensitivity compared with algae. Lastly, the Microtox 
test was used for some tests. Thus, toxicity data from the laboratory vary in type and 
availability. Other organisms often used in toxicity testing include fathead minnows, 
Ceriodaphnia, Daphnia pulex, sheepshead minnows, grass shrimp, and mysid shrimp 
(Ford, 1992). The organisms chosen for this study were selected by taking into account 
ease of use, expense, accuracy, and sensitivity. The three selected allow for comparison 
between widely varied species. It is expected that the algae testing conducted is most 
sensitive to the presence of toxics. This was confirmed in the laboratory. A complete 
description of the organisms involved and selection criteria can be found in the Interim 
Report (Eldin et al.,1997). 
A series of sub-samples is prepared from the original sample to be tested. With 
whole-effluent toxicity tests the original water sample is diluted in different ratios to 
produce the range of doses to which the organisms are exposed. These dilutions are set up 
such that a wide dose range is administered across the sub-samples. This should allow 
for complete effect and no-effect sub-samples to be included in the experiment. After the 
sample has been diluted appropriately, inoculated with test organisms and appropriate 
nutrients/food, and allowed to sit or stir for a standard period of time, the results for the 12 
test (response) are measured by human or mechanical means. The response measured in 
this study could be of three different types. Daphnia response is measured by mortality 
rate among the test communities. Algae response is measured as inhibition of normal 
growth of the algae compared to a blank sample. Lastly, the Microtox test demonstrates a 
decrease in light output rate from bacteria due to decreased metabolism. 
The results from one complete toxicity test allow for the creation of a dose-
response curve (i.e., concentration or percent vs. toxicity). Many numerical techniques 
are available for the quantification of the results of toxicity testing including the moving 
average, logit, probit, and Spearman-Karber methods. The NCHRP study chose to use 
the trimmed Spearman-Karber method. The raw data are transformed using this method 
as demonstrated in Newman (1995) and Hamilton et al. (1977). After numerical and 
statistical manipulation a value can be estimated for the dose that elicits a 50% effect. In 
cases where death is the test response, the term "LC50" (lethal concentration) is given to 
this 50% effective dose. Where inhibition of either light production or decreased growth 
rate is the response criterion the "EC50" (effective concentration) is used. The EC50 and 
LC50 are thus interchangeable and indicate only type of measurement. For the duration 
of this thesis the term "EC50" will be used to represent both terms. 
Noting that for whole-effluent testing the original sample to be tested typically 
contains an unknown concentration of toxicant and that all doses for the toxicity test are 
dilutions, it can be seen that the results of the test (i.e., EC50) will be given as a dilution 
as well. For example if testing in the laboratory indicates that the toxicity (EC50) for a 
particular sample is 20% or .20, this means that when the sample is diluted to a ratio of 
1:4, half of the organisms exposed will die, in the case of Daphnia, half as many will 13 
grow compared to a blank, in the case of algae, or the light output of the Microtox test 
demonstrated a 50% response. When using EC50 to represent toxicity a lower percent 
dilution indicates greater toxicity. An example of the results of a typical toxicity test is 
shown in Figure 2.2.1.1. 
In Figure 2.2.1.1, six points have been obtained from exposing individual 
populations of test organisms to dilutions of a whole effluent. The results can be 
analyzed using the trimmed Spearman-Karber method. The trimmed Spearman-Karber 
method provides a robust means of interpolation resulting in an EC50 value. Additional 
details about the method can be found in Hamilton et al., 1977. 
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Figure 2.2.1.1 Typical Dose-Response Curve for a Whole-Effluent Toxicity Test 14 
Where a single toxicant is suspected or known, the toxicity (EC50) can also be 
expressed as a concentration. This technique can be helpful in determining the 
relationship between chemical concentration and toxicity by seeing if the EC50 for a 
chemical species remains constant throughout a testing sequence. 
Further information about toxicity testing, particular organisms used, basis for 
use, and other background and support information can be found in Landis and Yu 
(1995), Moriarty (1993), Ford (1992), and de Kruijf et al. (1988). 
2.2.2  Complex Mixture Toxicity 
The conceptual model described in the Phase I Final Report (Eldin et al., 1996) 
relies on the use of chemical analysis for the determination of possible major contributors 
to toxicity. This method uses documented techniques (e.g., Mills et al., 1985) that 
account for the effects of removal/reduction/retardation (RRR) processes and transport 
mechanisms on chemical concentrations. 
Toxicity data provide another perspective on the potential impact of fate and 
transport processes. Unlike a treatment of individual chemicals in an environmental 
system, toxicity data take into account "exposure concentrations," not just concentrations 
of individual constituents (de Kruijf et al., 1988). As indicated above, the chief means for 
representing the fate and transport of toxicity itself is by tracking chemical constituents 
that are representative of toxicity. But as indicated below, literature focused on the study 
of toxicity points out that often the toxic impact of mixtures of chemicals (typical of most 
C&R materials) can be better determined by examining the impact on toxicity itself, as 15 
opposed to attempting to track the fate and transport of individual chemical components 
in the mixture. Although several toxicity studies involve complex mixtures of toxic 
substances, the majority of these involve mixtures consisting of a small number of known 
chemicals. When looking at systems that contain high numbers of possible toxic 
substances, it is difficult to quantify the contribution of each substance. Thus, there can 
be significant benefits in including toxicity data directly in a fate and transport model. 
Compound effects are difficult to quantify without such data. 
The National Research Council (1988) provides an outline of procedures related 
to the analysis of data and development of models to describe the toxicity of complex 
mixtures. This current NCHRP study includes both extensive use of toxicological 
bioassays and chemical analyses. The National Research Council (NRC) study presents 
general guidelines for integration of these methods. The principal problem with assessing 
the toxicity of complex mixtures is the identification and quantification of causative 
agents and their effects. The purpose of bioassay-related toxicity testing is to quantify 
the toxicity of the mixtures present in a study of actual microcosms. Bioassays provide 
information relating the mixture as a whole to its environment. Information resulting 
from chemical analysis attempts to pinpoint the chemical nature of the mixture in order 
better to understand the interaction of toxic constituents and properties related to the 
chemical makeup. Chemical analysis helps to define better the fate and transport process 
that are occurring when the mixture is in an environmental situation. Thus, parallel 
toxicological and chemical studies provide information that can be assimilated into a fate 
and transport model of the loading, toxicity and environmental impact of highway C&R 
materials. 16 
Impacts on the toxicity of mixtures are best evaluated from direct bioassays of 
samples interacting with the environment through typical processes. The results of the 
bioassays should be able to be incorporated into an empirical model (NRC, 1988). The 
requirement for such a model is that sufficient data be collected relating the toxicity of a 
mixture to a parameter found in that mixture. Ideally, there will be a correlation between 
the concentration of one or more compounds in a mixture and the toxicity of that mixture. 
This information would support the idea that a particular agent is a surrogate or direct 
cause for toxicity in the mixture. The integration of the data collected for a particular 
mixture should be included in the loading and toxicity evaluations. Empirical models 
that lack significant chemical data to support causation or mechanism identification can 
still be useful as tools for predicting toxicity. This NCHRP study looks closely at the 
individual contributions of sorption, leaching, biodegradation, pH and temperature. The 
effects of these parameters on toxicity and chemical composition provide a solid basis for 
an environmental model. Constituent composition and concentration of mixtures exert 
significant influence on environmental fate of toxic agents, and the environmental fate of 
hazardous constituents influences a mixture's toxicological properties (Cockerham and 
Shane1994). 
Mixtures can often be treated as single substances for toxicity testing (de Kruijf et 
al., 1988; Cockerham and Shane, 1994). Although the concepts are similar for single 
substances and mixtures, application of statistical methods where complexities in fate and 
transport are possible should be carefully examined.  Misinterpretation can occur where 
relative composition of a mixture has changed significantly or where chemical 
interactions play a primary role. Differential adsorption, metabolism, distribution and/or 17 
elimination should all be carefully observed (NRC, 1988). The effects of concentration 
also can play a role in applicability of single-component statistical methods. At low 
doses, additivity of toxicity is often a good approximation. At higher doses, this 
assumption can break down. If interactions between components is sufficiently low, then 
a single component-statistical approach would be appropriate. If interactions seem to be 
prevalent in a given sample or fate and transport system, chemical analysis may be able to 
provide needed insight into the processes occurring as the mixture interacts with the 
environment (NRC, 1988). The literature indicates, however, that the interactive effects 
of a system much more complicated than a binary system contain so many variables and 
possible interactions that complete quantification of such interactions is very difficult 
indeed even with fractionation or detailed chemical analysis. 
Integration of strategies provides the best means for completely evaluating the 
toxicity of mixtures. Depending on the mixture, complete chemical evaluation can often 
be difficult. The more complex the mixture the less probable that chemical analysis alone 
will be able to predict the toxicity of the mixture. Agents within a mixture can act in 
three ways. The compounds can have little or no effect when organisms are exposed to 
the compound alone, called potentiation. The compounds can act synergistically when 
they all increase the effects observed. Lastly, the compounds can interact antagonistically 
when the overall toxicity is less than that expected from the compounds if they were 
administered alone (Landis and Yu., 1995). Hence, chemical analysis alone is often 
unable to account for the interactions within a mixture due to lack of sufficient data 
available on interactions in complex mixtures. 18 
2.2.3 Support for Integrated Use of Toxicity and Chemical Data for Model 
Development 
Although the general approach to complex mixture analysis is found in a number 
of references, the actual implementation of the practice of evaluating complex mixtures 
by integrating chemical and toxicity data is not common in the literature from a fate and 
transport point of view. Symons and Sims (1988) present one of the best examples of the 
detoxification of a complex waste. The study focuses on the detoxification of organic 
petroleum waste in two types of soil. The toxicity of the soils is compared over time, 
with percent oil and grease in the waste applied to the soil used as a surrogate loading 
factor. The study was conducted with both batch and column tests. Soil column 
procedures were used to look at the mobility of toxic constituents. Both soil extracts and 
leachate toxicities were determined. 
The batch experiments were also conducted to provide data to evaluate 
detoxification. A graph of the results of the batch study toxicity data is shown in Figure 
2.2.3.1. 19 
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Figure 2.2.3.1 Batch Study Toxicity Data (from Symons and Sims, 1988) 
In order to determine a rate of detoxification, In[EC50(t)/EC50(0)] was plotted versus 
time, as shown in Figure 2.2.3.2. 
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Figure 2.2.3.2 ln[EC50(0/EC50(0)] versus time (from Symons and Sims (1988)) 
These plots show a typical evaluation of detoxification rates for a soil-applied waste. The 
methods of the tests show that a bioassay can be effectively used to characterize and 20 
define rates of "removal" of toxicity due to environmental factors. Furthermore, the 
study showed that polyaromatic hydrocarbons (PAH) concentration could be correlated 
with Microtox detoxification except for the highest loading rate used in the study. This 
shows that the use of surrogate chemicals as predictors of toxicity can often be a useful 
tool in toxicity fate and transport modeling. 
Lee et al. (1992) evaluate the effect of dissolved humic material on the acute 
toxicity of a selection of organic chemicals. Dissolved humic materials (DHM) are often 
of importance in the study of natural waters and the toxicity of certain chemicals 
introduced into the environment. Lee et al. look at the effect of DHM on the EC50 of 
tetrabromobisphenol-A (TBP), 4-chloroanilin (4-CA), and pentachlorophenol (PCP). The 
study shows how a variable that potentially affects toxicity of a contaminate can be 
examined closely in laboratory studies and a correlation can be determined between that 
variable and toxicity. For the three compounds examined, the results did not show a 
general trend due to the effects of DHM. The errors associated with the values 
determined for toxicity were quite significant. Dissolved humic materials were shown to 
increase, decrease and not alter the toxicity of contaminates. The study showed that the 
probable reason for inconclusive results is that the humic materials used were variable, 
and the resulting experimental data for interactions of humic materials with organic 
chemicals were poor. In addition, several interactions with the dissolved humic materials 
are cited, and the physical and chemical properties of the systems involved in the study 
were quite complex. One such interaction that could be explained well is the decreasing 
toxicity of 4-CA as DHM increased. Adsorption of 4-CA to DHM increased as DHM 
increased, which in turn decreased bioavailability. Standardization of humic materials 21 
used would have greatly improved the results as would a more complete range of similar 
chemicals. The method is useful in verifying methods being used in this NCHRP study. 
Support for the method of using soil extracts is found in two papers looking at 
mutagenic activity. The process of using soil extracts is similar to the method this 
NCRHP study is using to leach toxic components from C&R materials. In a land 
treatment study focusing on the detoxification of waste-amended soils, Brown et al. 
(1985) and Donnelly et al. (1987) both show how toxicity of a soil decreased over time. 
The relevance of these articles to this research is that they show how an extract of soil can 
be analyzed for detoxification due to interaction with the environment. In addition, it was 
shown that in some of the cases the toxicity of organics in the soils actually increased in 
the initial stages of degradation of the organic material. These authors indicate that 
combinations of chemical and toxicity tests can usefully complement each other in 
determining the loading characteristics of mixtures. 
The use of toxicity data collected from complex effluents of unknown 
composition has been evaluated on a relative concentration scale. The toxicities of 
chemical plant, paper mill, oil refinery, dye plant, and sewage treatment plant wastes were 
examined while comparing different types of bioassays for pure compounds and complex 
mixtures (Qureshi et al.,  1982). This approach is of interest to this NCHRP study due to 
the nature of the leachates produced from toxicity testing experiments. 
The waste water treatment industry spends a great deal of effort on quantification 
of whole-effluent toxicity. Much of the discussion below is based on information taken 
from Ford (1992). Section 101(a) of the Clean Water Act restricts the release of toxic 
pollutants in toxic amounts. Due to the incredibly difficult task of actually identifying all 22 
of the compounds present in waste water treatment plant effluents, the whole-effluent 
toxicity test has been employed extensively. The complex nature of the waters involved 
and approaches taken by the waste water industry are of interest to this thesis. The 
whole-effluent toxicity used in waste water evaluation is represented in the same manner 
as the results of testing done in the laboratory section of the NCHRP project, as an EC50 
in percent dilution of the original test sample. The waste water industry uses the toxicity 
testing as the starting point in looking for the presence of toxic compounds. Extensive 
chemical analyses are used to help identify possible toxic agents once a screening or 
definitive test signals their presence. In addition, it is quite common to track the changes 
in toxicity due to an independent variable such as time of day, BOD concentration, or free 
ammonia concentration (Figure 2.2.3.3). 23 
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Figure 2.2.3.3 Whole Effluent Toxicity (LC50) of Ammonia (Adapted from Lankford 
and Eckenfelder, 1990) 
Ford (1992) presents many case studies that demonstrate how a toxicity test is 
used to identify the presence of a toxic compound, determine its adequate removal from 
the effluent stream and track its source. An additional source of information about the 
use of whole effluent toxicity testing in the waste water industry can be found in Metcalf 
& Eddy (1991).2.3  Hydraulic Equations 24 
2.3.1  Hydrology 
Storm events in the current model are represented in a very simplistic manner. 
The user inputs duration and total rainfall depth for the storm event. The intensity is 
calculated by assuming a rectangular hyetograph for rainfall. This means the intensity is 
the total depth divided by the duration. Values input by the user should however be based 
on real data for the field situation to be modeled. The input must be carefully considered. 
Increases in rainfall intensity will have two effects for surface runoff: surface leaching 
time will decrease, and concentration will be decreased additionally through dilution due 
to increased water depth on the highway. The rainfall intensity also affects the amount of 
water that infiltrates through the cracks. Typically where rainfall intensity is greater so is 
infiltration through cracks and joints, depending on the model used (See Section 2.5.3). 
From a mass standpoint, duration of the storm event, not intensity, has the largest 
effect on total mass released. If the runoff or infiltration is being diluted significantly in a 
receiving body of water, mass released is often more important than concentration. If 
runoff is not significantly diluted after runoff or infiltration then the concentration and 
hence intensity will be of greater importance. 
In order to select a design storm a duration is typically selected first. After the 
duration is set then an intensity-duration-frequency (IDF) curve can be used specific to 
the localized region of interest. IDF curves can be obtained from the National Weather 
Service, the Soil Conservation Service, and state departments of transportation, with the 
latter being preferred (Bedient and Huber, 1992). An appropriate return period is selected 25 
by the user.  Intensity is given by the IDF curve and total depth can be calculated by 
multiplying by the duration for input into the model. 
2.3.2  Surface Flow 
Flow of water off of the highway surface can be modeled by kinematic wave 
theory. A description of the application of this theory to overland flow is presented in 
Bedient and Huber (1992). This is the source of theory and equations found below. 
The highway surface for the model is assumed to be a uniform transversely sloped 
road with a constant and known hydraulic roughness. Kinematic wave theory involves 
the following assumptions: 
1.  Pressure and inertial effects are neglected 
2.  Force of gravity on the fluid is approximately balanced bed friction (uniform flow) 
Specific discharge can be expressed for all time and location as a function of depth: 
q = ay m  2.3.2.1 
where, 
q:  discharge (m2/sec) 
y:  mean depth of water (m) 
a:  conveyance factor 
m:  kinematic wave routing parameter 26 
From Manning's equation for overland flow we get: 
m =y 
and 
1.0  , 
a =  2.3.2.2 
where, 
So:  bed slope 
n:  Manning's roughness coefficient for overland flow 
The average depth of water on the highway surface can be calculated based on the depth 
at the down slope edge of the highway surface by integrating: 
L (  Ym 
y =  dx  2.3.2.3 
oc. 
0 
where, 
is  rainfall intensity (m/sec) 
which gives: 
(m 2.3.2.4 Y  tri+ 
YL 
where, 
mean depth of runoff on pavement surface (m) Y 
yL:  down-slope depth of runoff (m) 27 
The total amount of water that is present on the surface at any one time is: 
V, = L y - m  yL L	  2.3.2.5 
m + li  
where,  
V,:	  total volume per unit width of water present on highway at 
equilibrium (m2) 
L:	  length of down slope runoff path (m) 
The contact time for water on the surface of the road can be found from a mass balance 
around the highway system. With the assumption that the system is in steady state 
equilibrium the amount of rainfall that falls on a unit length of highway must run off at 
the same rate: 
V 
grain = 1 L =	  2.3.2.6 
t 
where, 
grain:  volume rate of rainfall divided by unit length of highway (m3/m-hr)  
is  rainfall intensity (m/hr)  
ti:  contact time with pavement (hr)  
Substituting equation 2.3.2.5. into the above and solving for t1 we obtain: 
m 
Y L 
t, _	  2.3.2.7 
2.3.3	  Crack Flow 
The literature concerning the flow of water though pavement surfaces typically is 
directed toward design of permeable subdrainage design for highways. The approach 
taken by this research allows the modeler to directly predict the amount of water that 
infiltrates through a pavement surface based on physical properties of a highway. 28 
Crovetti and Dempsey (1994) describe the two methods found in the Moulton (1980) 
FHWA Highway Subdrainage Design Manual and expound upon the use of the FHWA 
equations. 
The FHWA manual's first approach to determine the quantity of water infiltrating 
through the highway surface is based on Cedergren (1974). The Cedergren approach to 
subdrainage design outlines the lack of research in this area. Cedergren underscores the 
fact that significant amounts of water infiltrate though pavement surfaces even in many 
situations where this phenomenon seems limited. Cedergren gives little in the way of 
theory to evaluate the ability of pavements to transmit water to the highway base course. 
In the total lack of field measurements, however, Cedergren recommends using a factor 
based on pavement type multiplied by the 1-hour duration 1-year frequency precipitation 
rate for a particular location. Table 2.3.3.1 gives the factors used by Cedergren. 
Table 2.3.3.1	  Rainfall Factors for Design of Highway Sub-base Drainage Recommended 
by Cedergren (1974) 
Pavement Type  Factor 
Asphalt Concrete (low)  0.33 
Asphalt Concrete (high)  0.5 
Portland Cement Concrete (low)  0.5 
Portland Cement Concrete (high)  0.67 
The high and low factors give a range of values to use. The increased infiltration in 
portland cement concretes is due to the presence of joints. This technique does allow the 
highway engineer to approximate a conservative design value for subdrainage design, but 
does not provide a very solid foundation for leachate volumes and contact times. The 29 
factors do, however, give some upper bounds to the amount of water that is expected to 
infiltrate though cracks and joints. These factors give a starting point for evaluation of 
pavement infiltration. 
The second method listed in the FHWA document and consequently in Crovetti 
and Dempsey is derived from data taken from field tests. The idea behind this method is 
that field measurements are used to arrive at an average ability for a length of crack to 
transmit water to the subsurface. The field study found that a value of 2.4 cubic  feet/day-
feet (0.223 m3/d-m) of crack could be used effectively to predict infiltration rates.  The 
method goes on to use simple calculations to determine the length of cracking orjoints 
for a particular highway. This method then allows for the incorporation of the physical 
dimensions and extent of cracking or joints into the infiltration equation. The FHWA 
manual lists this method as the best one available to date for subdrainage design. 
Equation 2.3.3.1 gives the estimate for infiltration. 
( N + 1 
q, = lc 
W 
W 
2.3.3.1 
where, 
cb:  surface infiltration rate (m3/d-m2) 
crack infiltration rate (m3/d-m) 
N:  number of traffic lanes 
Wc:  average length of transverse cracks and/or joints (m) 
W:  width of the highway (including shoulder) (m) 
Cs:  spacing of transverse cracks or joints (m) 
The value of lc (.223 m3/d-m) is taken from Ridgeway (1976). This value is taken as an 
average and may not apply. Any specific crack may have characteristics that may either 
increase or decrease the crack's ability to transmit surface water. This method also has a 30 
significant drawback. The infiltration rate is not dependent on the rainfall present. The 
value arrived at is independent of a specific event. This means that once again the 
amount predicted is based merely on a conservative subdrainage design. 
A third method is available for use. Bedient and Huber (1992) demonstrate the 
straightforward method of using an approximate runoff coefficient (C) to determine 
runoff. Equation 2.3.3.2 demonstrates the relation between runoff, rainfall, and the 
approximate runoff coefficient (C). 
dV 
C  2.3.3.2 
dVrain 
where, 
C:  runoff coefficient  
Vr:  volume of runoff (m3)  
Vram:  volume of rainfall (m3)  
Including possible effects due to depression storage, the maximum amount of rainfall that 
causes no runoff, total runoff can be calculated by Equation 2.3.3.3. 
Vr = C(V  DS)  2.3.3.3 
where, 
DS:  depression storage (m3) 
Figure 2.3.3.1 demonstrates the use of field data in order to calculate the runoff 
coefficient and depression storage. 31 
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Figure 2.3.3.1 Analysis of Field Data for Calculation of Approximate Runoff Coefficient 
and Depression Storage 
The inverse of this approach can be used to estimate the amount of water lost to 
infiltration. Assuming that all water that does not run off or is lost to depression storage 
infiltrates, Equation 2.3.3.4 applies. 
DS C  2.3.3.4 Vf = Vrain ( 1  C) 
where, 
Vf:  volume of infiltration (m3) 
Of the three methods available it is expected that most users will use the runoff 
coefficient method or direct input of an infiltration rate through the pavement.  The 32 
model requires that where any of the above methods are used the user must manually 
input the desired infiltration rate based on calculations made by the model.  This requires 
the user not to use the approximations blindly and include a professional assessment of 
the field situation to be modeled. 
2.3.4  Vadose Zone Transport 
In its most general application the equations for transport in the vadose zone 
involve the solution of a nonlinear partial differential equation. The governing equation 
(Richards, 1931) can be derived by combining the unsaturated continuity equation 
(Freeze and Cherry, 1979). 
a(pv)  a(pvy  a(PV  a 
2.3.4.1 PO 
ax  az at 
where, 
v:  Darcy velocity (L/T) 
p:  fluid density (M/L3) 
0:  volumetric moisture content (dimensionless) 33 
with Darcy's law for unsaturated media: 
an
v = K(0)  2. 3. 4. 2 
az 
where, 
z:  depth below the surface (L), 
h:  total potential (z + tv) (L of water), 
y:  tension or suction head (L of water), 
K(0):  unsaturated hydraulic conductivity (L/T). 
The combination of these two equations results in: 
ao  a  ay(o)  aK(e)
K(o)  2. 3. 4. 3 
at az  az  az 
This equation assumes that water is incompressible, that air in the subsurface can be 
ignored, and that the soil matrix is unable to be deformed. 
The modeling of transport of water through the vadose zone below a permeable 
highway surface and around a pile or borehole is quite an involved matter and requires a 
great deal of simplification for the purposes of this model. The literature supports this 
simplification and presents theory for its development. Bedient et al. (1994) is used as the 
basis for the following discussion of vertical infiltration. 
In cases that have a constant intensity rainfall above a flat soil surface, where the 
hydraulic conductivity of the soil is in excess of the rainfall intensity, and where the 
rainfall event is of sufficient duration, the infiltration rate (f) will equal the rainfall 
intensity (i). The process can be illustrated by a one dimensional model, typical of the 34 
situation below a typical highway surface. Designs of highway sub-bases and 
embankments most often allow for transport of water that might be present beneath the 
pavement monolith due to infiltration or condensation (Cedergren, 1974). Figure 2.3.4.1 
demonstrates the theoretical progression of a wetting front including dispersion. Since 
ponding is assumed in the model to be zero for cases beneath highway surfaces, the 
vertical Darcy velocity in the soil is equal to the infiltration rate. 
Water Content  
00  
,Transmission Zone 
t3  0,=Initial water content 
00=Water content behind wetting front 
Os=Saturated water content = porosity 
Wetting Front 
Figure 2.3.4.1 Progression of Wetting Front Where f = i and i = constant. 
Figure 2.3.4.1 demonstrates that the water content behind the wetting front is 
typically less than the porosity of the soil or saturated water content. This is due 35 
primarily to trapped air in the subsurface. For the model the effective porosity will be 
used to represent the void space available for transport. 
2.3.5  Near-Pile and Near-Borehole Hydraulics 
Literature concerning the flow of water in the vadose zone along vertical solid 
boundaries could not be located, although related information is available. Relevant 
articles of interest include discussions on the effect of walls and diameter in column 
studies (Fand and Thinakaran, 1990). The other body of work applicable to transverse 
spreading of infiltration in the vadose zone concerns the macroscopic capillary length 
scale (Selker, 1997). Detailed discussion of macroscopic capillary length can be found in 
Warrick and Broadbridge (1992) and Nachabe (1996). A novel approach was used for 
the development of the model. Due to the varied backgrounds of potential users and 
requirements that the results of the model not overstate the accuracy of the predictive 
method, a simple infiltration approach was included. 
A few assumptions are inherent to the method used. Firstly, it is assumed that all 
rain that falls on the pile or borehole will be conveyed to the nearby soil. This effectively 
increases the infiltration rate in the soil surrounding the pile or borehole. The  infiltration 
rate in the soil that is distant from the pile or borehole will experience no effect of this 
increased infiltration. Infiltration at this distant location is assumed to haveminimal 
ponding; surface runoff effectively removes standing water. In addition it is assumed that 
when the rainfall intensity is less than the effective saturated hydraulic conductivity of the 
soil all rainfall infiltrates. Thus, the rainfall intensity is equal to the Darcy velocity of the 36 
water in the soil. In cases where the rainfall intensity exceeds the saturated hydraulic 
conductivity of the soil, the Darcy velocity in the soil is equal to the saturated hydraulic 
conductivity of the soil. The additional rainfall is taken to be surface runoff removed 
from the system. This simplification of infiltration neglects soil suction head. It is noted 
that for some soils, particularly those with small pore diameters, soil suction head can be 
quite significant in the surface layer within approximately one meter of the soil surface at 
which point the hydraulic head due to gravity typically far exceeds the soil suction head. 
Near the pile or borehole the rainfall that has runoff from the pile or borehole fill 
material area increases the water available for infiltration. Taking into account the 
infiltration model used, the increased water present near the pile or borehole due to runoff 
will increase the velocity of the water that feels the effect of this runoff A diagram of the 
pile or borehole system can be seen in Figure 2.3.5.1. 37 
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Figure 2.3.5.1 Overview of Fate and Transport Model for Pile and Borehole Reference 
Environments 
In order to determine the extent of the area surrounding the pile or borehole that 
"feels" the leachate, either the velocity along the pile or borehole or the diameter of 
influence must be specified or approximated. The approach taken in the model specifies 
that the vertical velocity in the zone of influence is equal to the saturated hydraulic 
conductivity of the soil. This assumption is based on the concept that water will run off 
of the soil once the saturated conductivity is reached. This runoff will continue in a radial 
direction away from the pile or borehole until a portion of soil that has not yet reached 
saturation is found. 38 
A closer view of the pile or borehole and ground surface demonstrates the effect 
of the increased infiltration due to runoff from the pile or borehole fill material. Figure 
2.3.5.2 shows the physical situation and a profile of infiltration in the system. 
Runoff from Pile Surface 
Extent of Zone of Influence 
0 
Radial Distance from Center of Pile 
Figure 2.3.5.2 Close up View of Transport Involved in Runoff from Pile or Borehole and 
Resulting Increase in Infiltration Rate and Velocity in the Zone of 
Influence 
As stated above, the velocity within the zone of influence is equal to the saturated 
hydraulic conductivity. Once the velocity is fixed, a diameter of influence can be 
determined by solving Equation 2.3.5.1, based on continuity (i.e., flow though the 39 
annulus must equal the intensity of the rainfall, i, multiplied by the area within the outer 
diameter, D2). 
D, 2
Vd =KS  i  2.3.5.1 
D22  D1 2 
solving for the diameter of the zone of influence (D2) we get: 
D  D'AlKs/i  2.3.5.2 
2  V- 1 + Kdi 
where, 
Vd:  Darcy velocity (mm/hr)  
Ks:  saturated hydraulic conductivity of soil (mm/hr)  
DI:  diameter of pile or borehole(mm)  
D2:  diameter of zone of influence (mm)  
i:  rainfall intensity (mm/hr) 
It is noted that as i approaches Ks the diameter of the zone of influence increases to 
infinity. Physically this situation represents instances where the rainfall meets or exceeds 
the infiltration capacity of the soil.  It is expected in these cases that the runoff from the 
top of the pile or borehole fill material will not enter the soil but will be included in 
surface runoff The model states to the user that the rainfall intensity exceeds the 
saturated hydraulic conductivity and that surface runoff is taking place. 
For leaching, a volume flow rate of water flowing down the pile or borehole fill 
material that is in "contact" with the material must be approximated. This volume is 
assumed to be the water that flows vertically through the zone of influence. For cases 
where surface runoff is significant or the zone of influence is large, the volume for 
leaching is approximated through introduction of a maximum diameter for the zone of 
influence (1 meter). Using the equation below, a time for leaching can be estimated. 40 
n 
t,  ---- Li,  2.3.5.3 
where, 
ti:  contact time with material for leaching (hr)  
Lp:  depth of pile or borehole below ground surface in vadose zone (m)  
n:  effective porosity of surrounding soil 
Ks:  saturated hydraulic conductivity (m/hr) 
The total volume of water that contacts the pile or borehole fill material during the 
contact time within the zone of influence is subjected to leaching. 
Kstd2r(D2 
2 D 
1 2) 
2.3.5.4 
4 
where, 
td:  duration of rainfall event (hr) 
Vtd:  volume of water subject to leaching (m3) 
2.3.6  Plug Flow Validity 
Flow in the subsurface is assumed to be plug flow. The work done in Phase II of 
the NCHRP project focuses on defining leaching, degradation, and sorption processes for 
the materials involved. The study is not an in-depth look at the hydraulic properties of 
embankment materials. Some of the following discussion was taken from concepts 
presented by Selker (1996). Often even when a material is tested in the laboratory the 
hydraulic properties are not indicative of field conditions, and measurement of the 
magnitude of dispersion (longitudinal spreading of the contaminant) is often difficult 
even in the best cases. It is often the case in vadose zone hydrology that little is known 41 
about the dispersive properties of the soils involved. This requires the modeler to 
acknowledge that less is known than would be optimal, and indicate that the results are an 
approximation (always true for a mathematical model). Furthermore, a great deal of 
previous research has been conducted into the dispersive properties of soils in general. 
Various sources present detailed discussions of the effects of dispersion on vadose zone 
transport, among them Bedient et al. (1994), Ghadiri and Rose (1992). In addition, the 
inclusion of dispersion in the model could and often would mask the effects of the 
sorption and degradation processes occurring in the leachates. The results of the transport 
equations allow for the evaluation of transport parameters directly. Two disadvantages of 
using only a plug flow model are listed by Selker (1996). The first is that the leading 
edge of the plume is not well represented in a plug flow model. Times for transport of 
small relative concentrations are not predicted accurately. The second disadvantage listed 
is that a plug flow model accentuates a feeling of "deterministic knowledge" of the 
results. The difference in the results of a plug flow model compared to one that includes 
dispersion can be seen in Figure 2.3.6.1. 42 
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Plug Flow 
Including Dispersion 
t3 
Figure 2.3.6.1 Comparison Between Including and Excluding Dispersion in Transport 
Model. 
2.4  Chemical Fate and Transport 
2.4.1  Leaching Behavior of Highway Materials 
The data obtained from the OSU Environmental Engineering laboratory gives 
results for concentrations of contaminants relative to time for the flat plate and batch 
leaching experiments. These data need to be fit with a function in order to predict 43 
concentrations for any time within the test period. Any number of functional forms could 
be fit to the data, some often fitting the data better than others. 
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Figure 2.4.1.1 MMA Data for Batch Leaching with Three Functional Regression Fits 
In particular linear, first order growth, and power function models often fit quite 
well depending on a particular set of data. One approach is to take the best fit based on 
coefficients of determination. Eighmy et al. (1995) specifically addresses the subject of 
leaching of contaminants from highway materials, in particular, pavements incorporating 
waste materials. Eighmy et al. support the use of a power function model of the following 
form for diffusional leaching where cumulative release is a function of time: 44 
B2,' 
D  2.4.1.1 
4t(U  d)2 
or solving for Bt, 
4D,
B, = tY2Umph  2.4.1.2 
where, 
Bt:  cumulative release of element at time t (mg/m2),  
Umax: maximum leachable quantity of element from monolith (mg/kg),  
De:  effective diffusion coefficient (m2/sec), and  
Pb:  bulk density of highway material (kg/m3).  
Using a logarithmic transformation we obtain: 
log(B, ) =  12 log(t)+ log[Uma, Pb i(4De PO]  2.4.1.3 
A plot of the data obtained in the laboratory can be used in conjunction with this 
equation in order to determine the predominant leaching mechanism. Diffusion occurs 
where the slope of the log-log plot of cumulative release (mg/m2) as a function of time 
(sec) is approximately 0.5 because of the coefficient of 1/2 is in the first term of the right 
hand side of Equation 2.4.1.3. The slope of the log-log plot, the exponent of the power 
function, can be used as a measure of the dominant leaching mechanism along any 
specific time interval. Eighmy et al. demonstrate the implications of the change in the 
slope at specified time intervals in Table 2.4.1.1. In cases where the slope of the log-log 
plot of cumulative release versus time is greater than 0.5, cumulative release is occurring 
at a faster rate than diffusion itself would account for. The leaching mechanism is much 
more like dissolution. Where the slope of the plot is less than 0.5 then the leaching 
mechanism retards diffusion and thus is similar to what would be expected for depletion. 45 
Eighmy et al. account for error in the laboratory by giving a ± 0.15 allowance for the 
exponent of the power function. 
Table 2.4.1.1 Interpretation of the Slope of log-log Cumulative Release Versus Time 
Plots, After Eighmy, et al. (1995) 
Slope 
<.035  .35-.65  >.65 
Time Range 
Initial (.25-2 days)  Surface washoff  Diffusion  Lag time/dissolution 
Middle (2-16 days)  Depletion  Diffusion  Dissolution 
Final (8-64 days)  Depletion  Diffusion  Dissolution 
The power function fit was chosen not only on a theoretical basis. Universally, the 
power function fit is better than the linear fit. The linear case is merely a power function 
with the exponent (b) set to one. The first order function sometimes fits the leaching data 
as well as the power function. For the model it is also assumed that the leaching of 
toxicity follows a power function due to the fact that leaching of one or more components 
from a material is responsible for toxicity. If leaching and toxicity are both assumed to be 
a power functions dependent on time, then the relationship between these two variables 
can also conveniently be expressed as a power function. In addition, typically the power 
function is the most versatile and is the best fit of the three discussed here. It is noted that 
extrapolation using any of the functions outlined above to later times puts a great deal of 
reliance on the functional form of the fit used. 46 
2.4.2  Photolysis 
The possibility of photolysis of contaminants leached from C&R materials exists 
while surface runoff occurs. As mentioned previously, the laboratory testing portion of 
the NCHRP study involves the collection of data to determine the rate of photolysis of 
leachates from each material. The theory underlying a first order rate of reaction for a 
chemical component is well documented (Mills et al, 1985; Halmann, 1996). 
Photodegradation of a dissolved aqueous molecule can occur in two primary 
ways. A molecule can be degraded though either a primary photo-physical reaction 
involving direct photon absorption or a secondary reaction involving photooxidation 
intermediates such as free aqueous electrons (eaq-), dissolved molecular oxygen (102), or 
hydroxyl radicals (OH) (Halmann, 1996). The first of these is important in natural 
systems in the absence of photocatalytic semiconductors and, thus, is of greatest 
relevance to the modeling effort. The methods of analysis of laboratory data do not 
specify causation for photolysis and therefore do not exclude the impacts of secondary 
reactions. 
Mills et al. (1985) have an excellent overview of direct photolysis of compounds 
in the environment that is aimed at determination of its effects on water quality. Mills et 
al. state that at low concentrations observed in the environment, which is the case of the 
leaching of toxic constituents from C&R materials, the overall rate of both primary 
photolysis and secondary photolysis is proportional to the concentration of the 
contaminant and thus follows first order degradation: 47 
dC  k  C  2.4.2.1 
dt  P 
where, 
C:  Concentration of pollutant (mg/L) 
kp:  overall photolysis rate constant (day-) 
(kpl + kp2) 
kpi:  primary or direct photolysis rate constant (day 
1) 
kp2:  secondary or sensitized photolysis rate constant (day-1) 
A more detailed explanation of the processes involved in photolysis can also be found in 
Mills et al. including theoretical descriptions of light absorption, solar radiation, light 
attenuation in natural waters, and light utilization or quantum yield. Mills et al. include 
supporting theory that can be used to relate the rate of degradation observed in laboratory 
at a specific radiation level to the degradation rate that would be observed for a particular 
level of solar radiation. The following equation demonstrates this relationship: 
I 
k  = k  2.4.2.2 
Pe  P I 0 
where, 
kpe:  effective overall photolysis rate constant (day-1) 
Ie:  laboratory radiation (watt/m2) 
I:  field solar radiation on a horizontal surface (watt/m2) 
For the purposes of this model photolysis is taken to be a first order degradation with 
respect to concentration and first order with respect to the intensity of solar radiation. 48 
2.4.3  Volatilization 
The discussion of volatilization presented here is taken from Tchobanoglous and 
Schroeder (1985). Experimentally the rate of mass transfer of a gas through a liquid 
surface has been found to be functionally related to the difference between the saturation 
and current concentration of a dissolved species in solution. The mathematical 
relationship takes on the following form: 
re = K(C  Cs)  2.4.3.1 
where, 
rc:  rate of mass transfer, g/m2-hr 
K:  coefficient of mass transfer, m/hr 
C:  concentration of contaminant, g/m3  
Cs:  concentration of contaminant at saturation in the liquid (g/m3)  
In the cases found in this study the concentration in the bulk gas (air) can be 
approximated as zero. A mass balance for a unit vertical column of water with depth h 
and surface area As takes the following form: 
Accumulation  =  Inflow - Outflow - Quantity Volatilized 
dC 
(Ash)  =  0  0  rcAS  2.4.3.2 O. 
dt  sh) 
or 
dC  K (CCs)  2.4.3.3 
dt  h 
Integration of this equation yields: 
C, Cs  ( e-oc/h)t  2.4.3.4 
Co  Cs 
where, 49 
Co:  concentration at time t=0, g/m3  
Cr  concentration at time t, g/m3.  
If the saturation concentration in the liquid is approximately zero (Cs = 0) then Equation 
2.4.3.4 reduces to: 
Ct =  e-(K/h)t	  2.4.3.5 
Co 
where, 
K/h:	  deaeration coefficient (K, in this thesis), 
(K2 or Ka in environmental engineering literature) 
As can be seen from equation 2.4.3.5, the process of volatilization can be 
represented as a first order process where the rate constant has been determined 
experimentally. Laboratory experiments conducted on material leachates provide the 
modeler with coefficients of mass transfer for specific chemical species or surrogates. 
2.4.4	  Biodegradation 
The general model for degradation in the environment of a known contaminant is 
the Monod equation. Every major text on the subject includes discussion of the Monod 
equation (Bedient et al., 1994; Tchobanoglous and Schroeder, 1985; Metcalf & Eddy, 
1991; Knox et al., 1993; and Ghadiri and Rose, 1992). Information here was taken from 
Mills et al. (1985), which contains a brief but complete explanation of the subject of 
biodegradation. 50 
The Monod equation is: 
dC  1 dB [t  B C 
2.4.4.1 
dt  Y dt  Y Kv2 ± C 
where, 
C:  concentration of contaminant (mg/L) 
B:  concentration of bacteria (mg/L) 
Y:  yield of biomass produced per contaminant degraded (mg/mg) 
[tmax:  maximum specific growth rate (mg/hr-mg) 
K112:  half-saturation constant (mg/L) 
Biodegradation of contaminants in this study is observed without complete knowledge of 
all substrates involved, bacterial concentration, yield, maximum specific growth rate, or 
the half saturation constant. The Monod model applies to situations where only one 
carbon source is present. Mills et al. (1985) state that frequently a first order degradation 
model is substituted for Monod kinetics: 
dC  kbC  2.4.4.2 
dt 
where, 
kb:  first order rate constant for biodegradation (day-1) 
Mills et al. continue by explaining that Larson (1981) found that at cell concentrations of 
106 cells/ml or less, typical of environmental conditions, a first order kinetic model, 
including a lag phase, represents the degradation of a contaminant "reasonably well". 51 
2.4.5  Soil Sorption 
Three standard theoretical models were chosen for evaluation of sorption isotherm 
data from the laboratory: the linear isotherm, the Langmuir isotherm and the Freundlich 
isotherm. Descriptions of the experimental approach and theoretical basis of these 
isotherms is widely available in the literature (Bedient et al., 1994; Mills et al. 1985; 
Knox et al. 1993; Domenico and Schwartz, 1990; Ghadiri and Rose, 1992). The selection 
of a theoretical soil sorption isotherm involves the choice of a functional relationship 
between solid and liquid concentrations at equilibrium. A graphical depiction of the 
functions involved are shown in Figure 2.4.5.1. 
Linear Isotherm  ,' 
C, = 
Freundlich Isotherm 
C, = KC''_ 
Langmuir Isotherm 
aPC C' -
1+ aC 
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C (mg contaminant/L water) 
Figure 2.4.5.1 Shapes of Standard Soil Sorption Isotherms (after Mills et al., 1985) 
I 52 
It is assumed that the processes involved in sorption and transport of the 
contaminants found in the highway material leachates are in equilibrium. This 
assumption is valid where the sorption process is rapid compared to the flow rate of the 
water in the soil (Bedient et al., 1994). The linear model (Equation 2.4.5.1) assumes that 
the relationship between the amount of contaminant sorbed onto a solid and the amount 
of contaminant in solution is linear. 
Cs = KdC  2.4.5.1 
where, 
Cs:	  concentration on the solid (mg/g) 
C:  concentration in the water (mg/L)  
Kd:  distribution coefficient (L/g)  
The underlying theory for the Langmuir isotherm assumes that a solid matrix has a finite 
number of sorption sites. The function defining this behavior can be seen in Equation 
2.4.5.2. 
aPC 
Cs	  2.4.5.2 
1 + aC 
where, 
a:	  adsorption constant 
13:	  maximum amount of contaminant that can be adsorbed by the solid 
(mg/kg) 
Laboratory testing determined that a Freundlich isotherm would be the most 
appropriate sorption equilibrium model. The Freundlich sorption model is the most 53 
general of the models selected. The Freundlich isotherm is an empirically derived model 
based on the equation: 
CS = KfCN  2.4.5.3 
Cs:  Concentration on the soil (mg/g) 
C:  concentration in the water phase (mg/L) 
The equilibrium partition coefficient (Kr) is defined by the slope dCs/dC of the Cs versus 
C relationship, which can be seen in Figure 2.6.5.1. The equation for Kr is as follows: 
K  = K  NCN-I  2.4.5.4 
P f 
where: 
Kr:  equilibrium partition coefficient 
N:  slope of the Freundlich isotherm 
Kf :  intercept of Freundlich isotherm 
Hence, Kr is a constant and is identical to the relationship for the linear sorption isotherm 
when N = 1. 
Parameters Kr and N are determined by plotting equilibrium concentrations on the 
soil (Cs) versus concentrations in the water phase (C) on a log-log plot utilizing a best fit 
line though the laboratory data. For a Freundlich isotherm, the equilibrium partition 
coefficient thus includes the concentration eventually creating a nonlinear term for 
retardation in the differential equation describing transport. More detailed derivations 
and discussion of soil sorption can be found in Knox et al. (1993) and Bedient et al. 
(1994). 54 
3.  EXPERIMENTAL DESIGN  
3.1  Conceptual Model 
3.1.1  Overview 
The goal of the modeling effort is to prepare a program that will allow for 
quantitative analysis of information derived from chemical and toxicological laboratory 
experiments in simulated highway applications. The model is envisioned as the first step 
in the development of a tool for use by departments of transportation (DOTs) for 
assessment of the likely impacts of use of certain potentially toxic materials. 
The materials used in the study principally fit into three categories: materials that 
would be used on the highway surface either as part of a mix or in surface application, 
materials that are used as fill materials in embankments, and materials that are used as 
pilings. In addition, surface-applied asphalt mixes can be used as borehole fill. Materials 
that are used in surface applications can take part in two primary flow pathways,  surface 
runoff on an impermeable highway surface and flow to the ground water via a cracked or 
jointed and thus permeable highway. Consequently, the model was designed to evaluate 
highway surfacing materials under two environmental regimes. These "reference 
environments" can be seen in Figures (3.1.1.1 and 3.1.1.2). 55 
Rain 
Description: Runoff through permeable highway surface.  
Pathways: Subsurface flow  
Primary Processes: Sorption, Biodregradation  
Source Term Model Parameter: Maximum leaching capacity  
(elutriate extraction),  
mass transfer rate (flat plate leaching)  
Figure 3.1.1.1 Permeable Highway Surface Runoff Reference Environment. 
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Description: Runoff from impermeable highway surface.  
Pathways: Surface flow  
Primary Processes: Photolysis, Volitilization  
Source Term Model Parameter: Mass transfer rate (flat plate leaching)  
Figure 3.1.1.2 Impermeable Highway Surface Runoff Reference Environment. 56 
In addition to materials intended for highway surface application, the study 
included ACZA-treated wood. This material is most often used in the highway 
environment as a pile or post. Therefore, a piling reference environment was developed 
in order to model the potential impact that materials used in this manner have on 
subsurface aquifers. 
Rain 
Pavement 
Description: Piling 
Pathways: Subsurface flow 
Primary Processes: Sorption, Biodregradation 
Source Term Model Parameter: Mass transfer rate (flat plate leaching) 
Figure 3.1.1.3 Piling/Borehole Reference Environment. 57 
In addition to evaluating materials in specific environments, the model contains 
search engines for all analyzed data that have come from the OSU laboratories for both 
Phases I and II of the NCHRP project. These databases allow the user to access the 
laboratory data directly for further research and/or examination. 
The fate and transport model conceptually allows the user to define in detail the 
physical and environmental conditions for a specific reference environment. The idea is 
to couple known hydraulic, chemical, toxicological, and hydrologic data and theory with 
laboratory results in order to provide a quantitative prediction of toxicity of contaminants 
leaving a reference environment. The results are conceptualized as providing source 
terms for use in standard surface or subsurface transport models. The distance for the 
model is on the order of centimeters to meters, (i.e., in the immediate vicinity of the C&R 
material source). 
Modeling of transport phenomena is kept relatively simple with emphasis on the 
relationship between hydraulics, chemistry, and toxicity. 
The leaching processes for the piling, borehole, surface, and subsurface reference 
environments can be best described using a batch reactor. The use of this type of model 
gives a conservative answer for the leaching process. The total time for contact with a 
construction material is given by the appropriate hydraulic equation for fluid flow in a 
particular environment. Localized RRR processes are taken into account where they are 
significant. 58 
3.1.2  Highway Surface Leaching Processes 
The equations and theory used for surface runoff leaching are discussed in this 
section. Leaching from the highway surface is applicable to both the permeable and 
impermeable highway reference environments. In the case of surface flow, the contact 
time (t1) is given by Equation 2.3.2.7 for an average slug of rainfall leaving a highway 
surface. The contact time is based on the slope and hydraulic roughness of the pavement 
and the intensity of the rainfall. The laboratory experiments give the modeler information 
about mass flux of contaminants across the water/solid interface. The results of the 
experiments from the flat plate test are concentrations of a contaminant with respect to 
time. The surface area and volume of water in the flat plate experiments are known. The 
mass balance across the flat plat surface is: 
dC 
F A  3.1.2.1 
VfP  dt 
where, 
F:  flux(mg/m2-hr)  
Vfp:  volume of water used in the flat plate experiment (m2)  
Afp:  surface area of flat plate (m2)  
Cfp:  concentration at time t in the flat plate experiment (mg/L)  
t :  time (hr) 59 
Solving the mass balance for the flux across the water/solid interface for the flat plate 
experiment gives: 
dC fp 
F = (Vfp / A fp) 
dt 
dC fp 
lifP  dt 
3.1.2.2 
where, 
hfp:  depth of water above flat plate in experiment(m) 
The cumulative amount of contaminant released from the monolith is the integral of the 
flux, or: 
dC fn 
=  I h  dt"  dt = h  f dC  = h fp  Cfp (t)  3.1.2.3 
where, 
Bt:  cumulative release of element at time t (mg/m2) 
Recall that the leaching function used by Eighmy et al. (1995) (Equation 2.4.1.2) can be 
expressed as a power function of the form: 
= h fp at b  3.1.2.4 
where, 
a:  empirical constant (from linear regression of log C v. log t plot) 
b:  empirical constant (from linear regression of log C v. log t plot) 
From the laboratory experiments a flux can be determined at any specific time by taking 
the derivative of the cumulative amount of material released into the water with respect to 
time. Thus, the flux from the flat plate experiment is: 
F = h fp abt b- 1  3.1.2.5 60 
The runoff volume for the contact time determined by the surface runoff equations is 
given from kinematic wave theory at equilibrium by: 
Q, =wiL  3.1.2.6 
where, 
runoff volume flow rate (m3/hr) Qr: 
w:  length of section of highway (m), (taken to be one for unit length) 
i:  rainfall intensity (m/hr) 
L:  length of runoff path (m) 
The total volume of water (Vr) that runs off during the contact time is given by 
multiplying the runoff volume flow rate (Qt.) by the contact time. In order to arrive at a 
concentration in the highway runoff in the model, the following relationship between 
concentration found in the flat plate experiments and those expected in the field is used: 
Vr  Vfp
C  - Cfp  3.1.2.7 
A 
where, 
Cfp:  concentration at time t in the flat plate experiment or (atb) (mg/L)  
Ar:  area of highway surface exposed to leaching (wl)  
Vr:  volume of runoff during contact period or (Qrt) (m2)  
Cr:  concentration in the runoff (mg/L)  
Equation 3.1.2.7. reduces to: 
(lifp 
Cr = C  3.1.2.8 
hr ) 
where, 
hr:  average depth of runoff on the highway surface. 61 
The above discussion allows for prediction of concentrations in water during surface 
runoff where no degradation occurs. This simplified approach is applicable where metals 
are of primary concern. When photolysis and volatilization are significant degradation 
processes during runoff a more in-depth approach must be applied. 
3.1.3 Prediction of Surface Runoff Concentrations Where Photolysis and  
Volatilization are Significant  
The main environmental reduction/retardation/removal processes that occur 
during transport of water along the highway surface are photolysis and volatilization. 
Both are taken to be first order decay processes in the model. The laboratory provides 
raw data on the results from the photolysis and volatilization experiments. These results 
are used to find first order rates of reaction for specific chemical surrogates,  species, or 
toxicity. Details on the experiments themselves can be found in the Interim Report (Eldin 
et al., 1997). The theory underlying the approaches taken are described in the literature 
review (see Sections 2.6.2 and 2.6.3). 
The use of first order reactions allows for modification of leaching results to 
account for degradation during the leaching process. The leaching, volatilization and 
photolysis processes are modeled as concurrent batch reactions. The overall differential 62 
equation representing the rate of change of concentration in the runoff with respect to 
contact/exposure time is: 
dC,  abt" k,Crk,C,	  3.1.3.1 
dt  h, 
where, 
kpe:	  first order effective rate constant for photolysis 
first order rate constant for volatilization 
with the initial condition C(0)=0, Equation 3.1.3.1 may be solved (Mathematica), 
resulting in: 
abexpl.(kpe+k,4,1,111b,01-1-1b,(kpe+k,)il
Cr = exp[(kpe +  +	  (oh 
h	  [(kpe +k,t 
3.1.3.2 
where, 
cl:	  constant of integration 
t:	  contact time for surface runoff 
and the generalized incomplete gamma function (Mathematica) is defined by the 
following: 
rzi 
F(c, zo)  r(c, zi)  jzo	  3.1.3.3 
This function is tabulated and can be found in Abramowitz and Stegun (1964). 
In order to obtain a valid solution to the above equation an initial or boundary condition 
must be supplied. In order to determine the value of the constant the limit of the solution 63 
must be taken as t>0. When this is carried out c I goes to 0. The final form of the 
solution is: 
ab  + k  ihfp  I-11;1,-4p  k ,)(11 
3.1.3.4 Cr =  rob 
P 
This equation is valid for concentrations of a contaminant for an initial rainfall event. 
This is the first rainfall event to occur after application or installation of the C&R 
material. This event is of primary concern due to the fact that the mass flux of material 
into solution is greatest for this first wash off. In order to predict the concentration of a 
contaminant in solution at any time, t in equation 3.1.3.1  is substituted with t + to where 
to is time from the beginning of the rainfall event and t is the total time for leaching that 
occurred before the current event. 
dC,  hip  \b-1  =  abkt + t 0  k peCr  k vCr  3.1.3.5 
dt  hr 
A numerical solution to this nonlinear equation can be used to determine the 
concentration of the surface runoff at any time and for successive multiple leaching 
events. The model uses an explicit backward finite difference method to solve Equation 
3.1.3.5. An example is demonstrated in Figure 3.1.3.1. The values used for the 
comparison are a=0.07, b=0.48, total degradation rate =0.1 hfl (kpe + ky). 64 
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Figure 3.1.3.1	  Concentration as a Function of Contact Time for Five Different Initial 
Times (t0=0, 10, 25, 50, and 75 hours) 
For the example, in Figure 3.1.3.1 no dilution (hfp/hr = 1) was assumed; therefore, 
the graph shows concentrations as would be found in the laboratory using the same 
volume and surface area as the flat plate test. As can be seen in this case, the power 
function dominates at early times and the first order degradation rate is greater than the 
leaching rate at later times, thus a maximum concentration is reached where the 
degradation rate is equal to the leaching rate. 
Numerical solution of the differential equation was chosen such that leaching 
events after the first event could easily be represented by shifting the initial and final 
times for the finite difference method while maintaining the constraint C(to)=0 as shown 
in Figure 3.1.3.1. 
An additional example is provided in Figure 3.1.3.2 demonstrating the effect 
when the leaching rate exceeds the degradation rate for all times. The leaching rate in 65 
Figure 3.1.3.2 is identical to that seen in Figure 3.1.3.1 but the total degradation was set 
to O. 
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Figure 3.1.3.2	  Concentration as a Function of Contact Time for Five Different Initial 
Times (to=0, 10, 25, 50, and 75 hours) with No Degradation 
For the impermeable reference environment runoff does not enter cracks or joints, 
and the concentrations are determined as described above. The surface leaching model 
described above demonstrates the methods incorporated into the computer model for 
prediction of chemical concentrations for the impermeable environment. For the 
permeable reference environment a portion of the water that runs off from the highway 
surface enters cracks and joints. The results from the surface runoff code are fed into a 
crack/joint transport section of the model. 66 
3.1.4  Infiltration and Leaching During Transport Through Cracks or Joints 
This section of the model focuses on transport through the cracks and the 
processes that occur there. In order to determine the contact time with the water in the 
cracks and joints and the extent of resultant leaching, certain physical characteristics of 
the cracks present are required. The methods mentioned in Section 2.3.3 provide a 
starting place for the model. These methods give an approximation of the amount of 
water that could potentially be conducted to the subsurface below the highway. They are 
included, however, as conservative estimates of the quantity of water that may actually 
infiltrate. The parameters for the hydraulic equations for flow through cracks or joints are 
based on a user-input value for the infiltration rate through the pavement. Therefore, 
from user inputs the Darcy velocity for infiltration is specified. This supplied specific 
volume flow rate allows the model to calculate the seepage velocity in the cracks: 
f  v =  3.1.4.1 
A s 
where, 
vs:  seepage velocity in the cracks (m/s) 
f:  infiltration rate (m/s)  
Ac:  specific area of cracks 
(1112/m2)  
The specific area of the cracks on the surface (AO is calculated by multiplying user inputs 
of average width of cracks present in the highway section (Wc) by specific extent of 
cracking (La) (m/m2). The resulting seepage velocity allows calculation of contact time 
with the pavement during crack transport. 67 
The function used for leaching of material while water moves through the cracks 
is identical to that used during surface runoff The results of the flat plate testing 
discussed in Section 3.1.2 are the basis for leaching in the cracks. The main difference is 
the presence of two water/material interfaces due to a crack having two sides. Equation 
3.1.2.7 becomes: 
Vc  Vp 
C 
A 
C 
fP A fp 
3.1.4.2 
where, 
Cfp:  concentration at time t in the flat plate experiment or (atb) (mg/L)  
Ac:  area of crack exposed to leaching (2WeLe)  
Vc:  volume of infiltration during contact period or (fti) (m2)  
Ce:  concentration after crack transport (mg/L)  
Contact time(ti) can be determined from pavement thickness divided by seepage velocity 
(vs)  .  The overall differential equation for the change in concentration with respect to 
time is: 
dC  2h 
ab(t + tor 1  3.1.4.3
dt  Wc 
Volatilization and photolysis are neglected during transport through the crack due to the 
minimal light and lack of free surface for volatile exchange. Equation 3.1.4.3 is identical 
to Equation 3.1.3.5 where kpe and kv are zero and the depth of the water on the highway 
surface is replaced by i/2 the average width of a crack. This equation represents leaching 
for an event that begins and ends at arbitrary times on the leaching curve making the form 
general. For the first wash off case, to is set to zero. 68 
After the water has undergone both surface and crack/joint leaching, for the 
permeable reference environment, it enters the subsurface zone underlying the pavement. 
Transport and RRR processes that occur below the highway monolith are predicted by a 
plug flow vadose zone model. 
3.1.5  Vadose Zone Transport and RRR Model 
The goal of the model is to determine the mass loading and concentration leaving 
the near highway environment. For materials that are included in the permeable reference 
environment, the boundary for the model has been chosen as the ground water table 
below the highway. Once mass loadings and concentrations are known as a function of 
time at the vadose/ground water interface then standard ground water models (e.g., the 
USGS model Modflow) can be used for evaluation for further transport and RRR. 
A simplified vadose zone transport model is used in the model. The underlying 
theory for vadose zone transport was detailed in Section 2.3.4. The vadose zone transport 
code in the model is based on the following assumptions: 
1.	  The porous media is homogeneous and isotropic. 
2.	  Dispersion is neglected. 
3.	  Soil suction head is small. 
4.	  Velocity in the subsurface is constant with respect to time and location for a specific 
rainfall event. 
5.	  Surface ponding is negligible. 
6.	  Soil sorption and biodegradation are the only RRR processes involved. 
7.	  Volatilization into the gas phase is minimal. 69 
The resulting model clearly illustrates retardation and biodegradation of 
contaminants in the subsurface and gives a predicted travel time for the center of mass of 
the contaminant within the limits of the assumptions stated. 
The model uses the infiltration rate input from flow through the cracks along with 
the effective porosity, to determine the seepage velocity in the soil. The model checks to 
ensure that the user has not allowed for more water to infiltrate through the highway than 
can be transported away by the soil (i.e., under the assumption of a constant infiltration 
rate, the saturated hydraulic conductivity of the soil must be greater than or equal to the 
infiltration rate). Where the rainfall intensity and thus the infiltration rate are constant 
during the rainfall event, the seepage velocity is constant with respect to depth and time. 
This is true in the current model due to the rectangular rainfall distribution. Using a plug 
flow model and the assumptions listed with first order biodegradation , Freundlich 
sorption gives a non-linear partial differential equation for the concentration as a function 
of time and space. 
ac  ac 
k bCRd  3.1.5.1 at  R d  vs az 
where, 
C:  concentration (mg/1) 
t:  time (hr) 
z:  vertical distance, positive downward (mm)  
vs:  seepage velocity in the z-direction (mm/hr)  
kb:  first-order biodegradation coefficient  
Rd:  retardation factor = 1 + Kp pb / n  
Kp:  partition coefficient (ml solution per g of sediment),  
pb  bulk density (g/m1) 
n:  effective porosity 70 
Recall from Section 2.6.5 for the Freundlich isotherm the partition coefficient is 
Kp = kfNC"  3.1.5.2 
where, 
N:  slope of the Freundlich isotherm 
kf:  intercept of Freundlich isotherm 
The retardation factor thus includes the following concentration. 
k
Rd = 1+ pb  NC" -'  3.1.5.3 
This creates a non-linear partial differential equation (Knox et al., 1993). Due to this 
non-linearity the solution to Equation 3.1.5.1 is solved in the model using a finite 
difference method. The finite difference code itself is an explicit Euler method which is a 
central difference with respect to time and backward difference with respect to depth. 
The method used can be found in Nakamura (1991). This method may be easily modified 
to account for variations in assumptions regarding important fate and transport processes 
for the particular reference environment. The difference scheme is not the most processor 
efficient method available but it allows for easy modification, if further features are added 
to the model, and simplified coding. 
Output from this module will be shown later and is displayed both in tabular form 
and graphically (an Excel "chart"), demonstrating the variation of concentration with 
depth and time. In addition, a report sheet is generated to identify the model inputs 
parameters for that run and what additional values were calculated. This provides a quick 
overview of the model inputs and the intermediate values used within the model. 71 
The final results for the permeable reference environment include a complete list 
of all inputs and outputs and plot of concentration with time and depth below the highway 
surface. Toxicity of surface runoff and infiltrated leachate are both given in the output 
tables. Concentration and toxicity are of primary concern where the highway surface 
represents a significant percent of streamflow in the watershed (i.e., headwaters). The 
total mass released from the permeable environment is also output, as this is of primary 
concern in the majority of receiving water impact assessments. Total load is most 
relevant where significant dilution is present. This is the case where highway runoff is in 
the lower reaches of a watershed or serves as the loading to a pond, lake, or reservoir. 
3.1.6  Piling and Borehole Model Specifics 
The details of the hydraulic model used during the leaching process in the piling 
or borehole reference environments are given in Section 2.5.5. The leaching function 
used in these environments is identical to the equations used for highway surface wash 
off (Equation 3.1.2.6) except the area and volume of runoff for the highway are 
substituted with the surface area of the pile or borehole, and the volume available for 
leaching is taken as the volume of water that lies within the zone of influence as defined 
in Section 2.5.5. The results from the flat plate experiment are adjusted for dilution due 
to relative differences in surface area and volume subjected to leaching. Biodegradation 
during leaching is neglected due to the fact that the toxicity of the material used in the 
pile environment (ACZA) derives its toxicity from metals. Transport below a pile or 
borehole assumes that the water flowing within the zone of influence spreads evenly 
beneath the pile or filled borehole. This effectively reduces the Darcy velocity of the 72 
water below the pile or borehole to the infiltration rate in the surrounding soil. A finite 
difference scheme identical to the one used for the permeable reference environment is 
implemented for transport and sorption of leached materials in the soil below the pile in 
the vadose zone. 
In addition to having a pile or borehole that partially penetrates the vadose zone, a 
situation can occur where the pile or borehole is at a depth that is inexcess of the depth of 
the local ground water table. In this case, the loading to the water table is the total  mass 
leached, and no sorption is assumed. 
The results of the partially penetrating pile or borehole are graphs of concentration 
and toxicity as a function of time and location below the pile or borehole bottom down to 
the aquifer, total mass leached during event, and other relevant parameters as 
demonstrated in Section 4.1.3. This allows the user to input results into a standard 
ground water transport model such as the USGS groundwater model, Modflow. 
3.2  Conceptual Toxicity Model 
3.2.1  Use of Toxicity Data and Prediction of Toxicity 
As mentioned in Section 2.1.2, all samples in the laboratory are analyzed for 
chemistry and toxicity. The primary concern of the chemistry laboratory is the 
identification of probable toxic components in the samples taken. The process of 
attempting to find the causative agent for observed toxicity can be quite difficult in some 
cases and fairly straightforward in others. One of the major challenges for the modeling 
effort lies in the incorporation of both the chemistry data and toxicity data into one 73 
coherent picture of the potential environmental impact of C&R materials. The task of 
coupling the two sets of data has primarily been dealt with through statistical correlation, 
looking for dissolved chemical species that account for observed toxicity. The coefficient 
of determination (r2) is used to determine how well a best-fit line represents a set of data. 
When a chemical or group of chemicals in solution can be identified as statistically 
representing the toxicity observed, they are deemed chemical surrogates for toxicity. 
Where more than one contaminant could effectively be used as a chemical surrogate some 
expert opinion must be incorporated. Often a known non-toxic compound will correlate 
well with toxicity (e.g, often calcium can be well correlated with toxicity due to the fact 
that it leaches at a rate proportional to other more toxic species). Components of a 
mixture that are non-toxic are not used as surrogates when others that are known to be 
toxic are present, even if the fit is better for the non-toxic component. The body of 
Section 3.2 demonstrates the methods used to determine the statistical relationship 
between a chemical surrogate and toxicity for the following four materials: ACZA, 
methyl methacrylate, asphalt control, and crumb rubber. Appendix B demonstrates 
additional analyses for all materials tested in the laboratory. 
3.2.2  Relationship Between Chemistry and Toxicity for ACZA Wood 
The toxic contaminants in ACZA wood can be preliminary identified as arsenic, 
copper and zinc from looking only at the chemical makeup of the wood treatment (i.e., 
Ammoniacal Copper Zinc Arsenate). All three metals are known toxicants to Microtox, 
algae, and Daphnia. The Microtox test was used for most ACZA testing. The results 
from the chemistry laboratory for total metals content are shown in Figure 3.2.2.1. 74 
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Figure 3.2.2.1 Metal Concentration as a Function of Time for the Flat Plate Leaching of 
ACZA Wood with Power Function Fits for As, Cu, and Zn 
Metals concentrations listed are for total dissolved metals regardless of complexation and 
speciation. The metals are identified using ICP analysis (detailed protocols and 
descriptions of laboratory methods can be found in the Interim Report, Eldin et al., 1997). 
Arsenic, copper, and zinc are known toxicants and are present in significant quantities. 
Statistical analysis using the results of toxicity testing for the batch test is used to quantify 
the ability of the metals alone and in combination to act as surrogates for toxicity. The 
batch test is used because there is little interference with the relationship between the 
chemistry and toxicity due to degradation reactions or sources of unrelated dissolved 75 
species present in the soils. The flat plate experiments often have significantly lower 
toxicity due to the decreased surface area for leaching and often provide more erratic 
toxicity results. Figure 3.2.2.2 shows how concentration of the sum of the three metals 
and toxicity vary with respect to time for the batch test. 
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Figure 3.2.2.2 Concentration of the Sum of (As, Cu, and Zn) and Microtox Toxicity as 
1 /EC50 from Batch Leaching of ACZA Wood 
Statistical analysis of the relationship between toxicity and chemistry is done using 
1/EC50 as a function of concentration. The logic behind using the inverse of dilution is 
that 1/EC50 is analogous to concentration of toxicant. However, where power functions 76 
are used for regression, both 1/EC50 and EC50 yield the same coefficient of 
determination; this is not true of linear and first order fits. 
Figures 3.2.2.3 through 3.2.2.5 demonstrate the relationship between toxicity for 
the batch leaching experiment and the concentration of each individual metal.  Figure 
3.2.2.6 shows the fit using the sum of As, Cu, and Zn versus toxicity.  Metals 
concentrations for ACZA are given in mmol/L. This is due to the fact that, for toxicity, 
the number of molecules present is a better indicator than total mass of contaminant 
present. This is of concern here specifically because the surrogate being used is the sum 
of three metals. Indeed when one contaminant is used as the surrogate for toxicity, the 
mass of the species is directly proportional to the number of molecules present. If masses 
(mg/L) were used for ACZA metals, then the relationship between concentration and 
toxicity would artificially inflate the contribution of the more  massive species.  In order 
to convert between mmol/L and mg/L, the concentration in mmol/L should be multiplied 
by the atomic weight in mg/mmol of species of interest to get mg/L. These graphs are 
used to statistically search for an appropriate surrogate. 77 
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Figure 3.2.2.3 Power Fit Regression for the Relationship Between Concentration of As 
and 1 /ECSO (Microtox) 
180  
160  
140  
y = 205.16x1 7777  
R2 = 0.7919  120  
100  
0 
80  
60  
40  
20  
0  
0.000	  0.200  0.400  0.600  0.800  1.000 
Concentration (Cu(mmol/L)) 
Figure 3.2.2.4 Power Fit Regression for the Relationship Between Concentration of Cu 
and 1/ECSO (Microtox) 78 
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Figure 3.2.2.5 Power Fit Regression for the Relationship Between Concentration of Zn 
and 1 /EC50 (Microtox) 
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Figure 3.2.2.6 Microtox Toxicity as 1/EC50 as a Function of Concentration of the Sum 
of As, Cu, and Zn for the Ambient Batch Leaching of ACZA Wood 79 
The question for the modeler, in this case, is which of the above four regressions to use? 
It was deemed appropriate to combine the metals in this case even though the 
concentration of copper statistically was the best fit. Although copper is a potent toxicant 
and should be a major contributor to the toxicity observed, zinc and arsenic are also toxic 
to aquatic species. The decision was made to use a composite surrogate and addition of 
the total molar amount of each metal present was the simplest method available for 
creation of such a composite. Due to the lack of speciation and water chemistry 
information involved, this combination method was as valid as any other more 
complicated method. In order to prove that the combined concentration of metals was an 
appropriate surrogate, other test results besides the batch test were compared. Figure 
3.2.2.7 demonstrates the results of the sorption tests run and the predicted toxicity from 
the batch leaching power function fit between toxicity and the surrogate (sum of As, Cu, 
and Zn in mmol/L). 80 
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Figure 3.2.2.7 Sorption Data with Measured Microtox Toxicity and that Predicted from 
Batch Leaching of ACZA Wood 
For purposes of comparison, a graph of EC50 versus concentration of As, Cu, and 
Zn is shown in Figure 3.2.2.8. These results show a similar EC50 versus concentration 
response to that demonstrated in Figure 2.2.3.1 for free ammonia from a water treatment 
plant. The fit in Figure 3.2.2.8 both theoretically and intuitively agrees with what we 
expect for toxicity as a function of concentration of some toxicant. As the concentration 
approaches zero, the toxicity of a material should approach zero (i.e., an EC50 of 
infinity); likewise, as the concentration increases to high values, the death rate among test 
organisms should approach totality. This argument assumes that there is some simple 
relationship between the presence of the true combination of toxicants and the surrogate 81 
(i.e., if the surrogate is not present then no othertoxicants can be present). A linear 
model would require forcing of the 1/EC50 versus concentration regression equation 
through zero in order to avoid the incorrect result of having toxicity present when no 
surrogate is present in solution. A first order regression would mandate a value for the 
toxicity of a zero concentration of surrogate.  Additionally, as mentioned previously, the 
leaching model for toxicity as a function of time (i.e., the independent variable) is based 
on a power function regression, the toxicity of the batch test as a function of time is based 
on a power function regression, and, thus, toxicity as a function of concentration can be 
fit with a power function that is the result of defining the relationship between the two 
dependent variables (i.e., concentration and toxicity). 
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Figure 3.2.2.8 Microtox Toxicity (EC50 (% by Volume)) as a Function of Concentration 
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2.000 82 
Two regression lines are shown on Figure 3.2.2.8. The darker line depicts the 
regression based on batch leaching. The lighter line is the regression for all points shown 
on the graph. As can be seen, the regression based on all points predicts significantly 
higher toxicity for concentrations between 0.5 and 0.25 mmol/L.  It was deemed 
appropriate to base the toxicity versus concentration function used in the model on the 
batch leaching regression because of unknown but possible speciation and complexation 
factors in the soils. In order to more accurately predict the toxic effects of leaching at 
lower concentrations, samples would need to be taken at earlier times in the batch 
leaching test. 
For ACZA, the toxicity testing for flat plate leaching was conducted using algae. 
This presents a problem for prediction of toxicity due to the fact that the batch leaching 
tests were analyzed using the Microtox test.  However, metals concentrations were 
measured. Thus, Microtox toxicity for the flat plate leaching is based on the 
extrapolation of the regression of toxicity with metals (sum of As + Cu +Zn) from the 
batch leaching tests to the low metals concentration characteristic of the flat plate tests. A 
plot of the concentration of the sum of As, Cu, and Zn and predicted toxicity for Microtox 
as a function of time for flat plate leaching can be seen in Figure 3.2.2.9. The coefficient 
of determination is the same for both fitted curves because the toxicities are just a power-
function transformation of the metals concentrations. The predicted values for toxicity 
were not checked by the laboratory; therefore, the prediction is the best approximation 
available. 83 
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Figure 3.2.2.9 Microtox Predicted Toxicity of Flat Plate Results Based on Surrogate 
Concentration (Sum(As, Cu, Zn)) and Best Fit Regression Against Metals 
Based on Batch Leaching 
Freundlich sorption isotherms are calculated for the surrogate in the same way 
they are determined for a single component (see Section 2.6.5). Photolysis, volatilization 
and biodegradation can be neglected where metals are the primary toxicants. This is 
verified in experiments carried out to monitor the effects of these tests on toxicity. No 
significant change in the metals concentration or toxicity was observed for volatilization 
and biodegradation. Metals concentrations remained constant as well for the photolysis 
test. A slight decrease in toxicity occurred. This change in toxicity is most likely due to 84 
water chemistry effects involved in availability of toxicants to the organisms. Neglecting 
photolysis has little impact on the final toxicity as estimates are appreciably conservative. 
Evaluation of the toxicity of leachate at any point during transport may be 
determined by using the power function relationship between the total concentration of 
As, Cu, and Zn and toxicity to Microtox. The model outputs graphs of concentration with 
depth in the vadose zone below the ACZA pile, mass loadings of contaminants to the 
aquifer, and all input and output values. 
ACZA wood is an example of a C&R material that is relatively easy to evaluate 
due to the presence of known toxicants. Even for a material such as ACZA, statistical 
approaches allow the best method of incorporating lab data with fate and transport theory. 
It can be seen from the data collected from the toxicity lab that predicting exposure 
concentrations in real environments can be quite difficult. 
3.2.3 Relationship Between Chemistry and Toxicity for Methyl Methacrylate Deck 
Sealer 
Methyl methacrylate (MMA) deck sealer was the next construction material that 
was tested in the study. Again, as for ACZA, a predictive model of the leaching of 
toxicity was required in order to determine the potential effect of material application in 
the field. The laboratory testing identified chemical surrogates that could potentially be 
responsible for toxicity of the deck sealer. After factorial analysis incorporating all 
metals detected in significant quantity and one specific organic compound, it was 
determined that total organic carbon was the best surrogate for toxicity. This factorial 85 
analysis was conducted utilizing the power function fit of toxicity as a function of 
concentration for the batch leaching of methyl methacrylate. Figure 3.2.3.1 shows 
concentration of TOC as a function of time for batch leaching of MMA. The Microtox 
toxicity results from the batch leaching of MMA are also shown in Figure 3.2.3.1. 
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Figure 3.2.3.1	  Plot of Concentration and Microtox Toxicity as a Function of Time for 
the Batch Leaching of TOC from MMA. 
As demonstrated for ACZA, the relationship between toxicity and chemistry can 
be modeled by regressing toxicity data as a function of TOC concentration data with a 
power function. The resulting function can be seen in Figure 3.2.3.2. 8() 
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Figure 3.2.3.2	  Microtox Toxicity (1/EC50) as a Function of Concentration of TOC for 
Batch Leaching of MMA 
In order to demonstrate the data and regression from Figure 3.2.3.2 in terms of the 
laboratory experiments, the results are shown in Figure 3.2.3.3 as EC50 in percent 
dilution as a function of TOC concentration. It is noted that the regression equation has 
the same coefficient of determination in Figure 3.2.3.2 and Figure 3.2.3.3 and the power 
is negative instead of positive but has the same absolute value. The shape of the 
regression is quite similar to observed results for toxicity of ammonia seen in Figure 
2.2.3.1. 87 
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Figure 3.2.3.3	  Microtox Toxicity (EC50 as % by Volume) as a Function of 
Concentration of Surrogate for Batch leaching of MMA 
In order to calculate the toxicity of runoff, the toxicity of leachates from the flat 
plate test must be estimated. Batch leaching established a relationship between the 
surrogate, TOC, and Microtox toxicity. This empirical relationship can be applied to the 
flat plate leaching of MMA by using the TOC-Microtox regression to extrapolate to low 
concentrations of MMA. The results of this application of the batch leaching chemistry 
versus toxicity relationship to the flat plate are shown in Figure 3.2.3.4. This method had 
to be used due to the fact that the flat plate leaching did not provide sufficient data for 
evaluation of the relationship directly. The flat plate toxicity testing for MMA was 
conducted on algae and daphnia and not on Microtox. The algal toxicities that were 
measured had a very large or no confidence interval. Batch leaching was conducted on 88 
daphnia and Microtox. The laboratory experiments conducted do not allow for direct 
comparison between the batch and flat plate results for toxicity to algae or Microtox. 
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Figure 3.2.3.4 TOC Concentration as a Function of Time for Flat Plate Leaching of 
MMA at Ambient pH and Predicted Toxicity to Microtox Based on Batch 
Test TOC/Surrogate Regression 
3.2.4  Laboratory Investigations for Asphalt Control 
In order to verify that the sources of asphalt and aggregate did not contribute 
significantly to the toxicity of waste amended mixes, a control batch leaching test was 
conducted on the stock asphalt mix. The batch leaching test demonstrated no toxic 
effects during all but one sample. This sample was taken at five days and demonstrated 
algal toxicities of 23% and 38% for the replicates taken. No toxicity was present at three 89 
days or seven days. Small values for toxicity (1/EC50) are unable to be observed in the 
laboratory due to the sensitivity of the testing methods. Due to the minimal toxicity 
found for the batch leaching test, the asphalt control was considered a negligible 
contributor to overall toxicity of the leachates, throughout testing of the waste amended 
mixes. It was observed, however, that quantities of metals that are used as surrogates for 
toxicity leached from the asphalt control. For example, aluminum is used as the surrogate 
for prediction of toxicity for crumb rubber asphalt. At 168 hours, 30% of the total 
aluminum found in crumb rubber batch leachates can be attributed to the asphalt control. 
Figure 3.2.4.1 shows concentrations of metals as a function of time for the batch leaching 
test. 
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Figure 3.2.4.1 Concentration of Total Metals in Solution for Batch Leaching of the  
Asphalt Control Mix  90 
Although the batch leaching toxicity results for the asphalt control demonstrated minimal 
toxicity, it is noted here that algal toxicity testing is unable to indicate 1/EC50 values 
below 1.25 (EC50>80%). 
3.2.5  Relationship Between Chemistry and Toxicity for Crumb Rubber Asphalt 
In order to predict the concentration of toxicity of leachates in a simulated 
reference environment using crumb rubber asphalt mix as the highway surface material, a 
leaching function for either toxicity itself or a surrogate must be found. In addition, the 
various RRR processes involved in the environment must also be empirically represented. 
In the case of crumb rubber, toxicity results directly from the flat plat leaching 
experiment did not provide enough data to determine leaching rates of toxicity to algae 
directly. This meant that in order to predict toxicities for flat plate leaching a surrogate 
would need to be found from the batch leaching experiment that could relate chemical 
concentration to algae toxicity. 
In examining the results of the of the batch leaching test it can be observed that 
toxicity does in fact increase as a function of time. In addition, a power function 
regression can be fit to the data as shown in Figure 3.2.5.1. 91 
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Figure 3.2.5.1 Algal Toxicity as a Function of Time for the Batch Leaching of Crumb 
Rubber Asphalt at Ambient pH 
The coefficient of determination (R2) for this plot is 77.8 %. The fit is the best 
approximation available given the algal toxicity data obtained. Significant scatter in 
toxicity measurements was observed for day 7 (168 hours). The two samples taken for 
day seven were excluded from the statistical analysis. The cause of the wide range of 
results for later time data may be related to undetermined variations in chemical 
constituents. 
The approach taken next attempts to determine if any of the chemical 
concentrations measured in the laboratory could be used as surrogates for toxicity. It was 
found that aluminum, calcium, potassium, strontium, and mercury could individually be 
used to as surrogates for algal toxicity of crumb rubber. This does not imply that these 92 
0 
are the actual toxic constituents responsible for the toxicity, it merely indicates that the 
leaching of these materials can be mathematically correlated with the apparent leaching of 
overall toxicity. Aluminum is the strongest candidate out of these due to the fact that it is 
a known algal toxicant and is present in significant concentrations. The leaching of 
aluminum as a function of time for the batch test can be seen in Figure 3.2.5.2. 
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Figure 3.2.5.2	  Concentration of Al as a Function of Time for Batch Leaching of Crumb 
Rubber Asphalt at Ambient pH 
As can be seen from the best-fit line, another fitting function would better 
represent the data (e.g., a log function). Due to theory and a desire to maintain 
consistency in the model, the power function above was chosen. 93 
By eliminating the independent variable (time) from the relationships shown in 
Figures 3.2.5.1 and 3.2.5.2 and plotting the two dependent variables versus one another, 
we obtain a relationship between concentration of the chosen surrogate (Al) and algal 
toxicity (1/EC50). The result is shown in Figure 3.2.5.3. 
y = 2.2634x° 5812 
R2  = 0.6372 
0 
0.000  0.200  0.400  0.600  0.800  1.000  1.200  1.400  1.600  1.800  2.000 
Al Concentration (mg/L) 
Figure 3.2.5.3	  Toxicity to Algae as a Function of Al Concentration for Batch Leaching 
of Crumb Rubber Asphalt at Ambient pH 
As can be seen in Figure 3.2.5.3, the coefficient of determination for the 
relationship between toxicity (1/EC50) and concentration of Al in solution is 63.7 %. 
This low value is due to the scatter that was experienced in the toxicity testing. The 
scatter most likely has to do with the degradation in accuracy of the toxicity test at values 
near the detection limit (1.25 for algae). Often, confidence intervals for toxicity 
measurements near the detection limit cannot be determined because of the small number 
of points (usually one or none) that lie at lower toxicities on the dose-response curve. 94 
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Figure 3.2.5.4	  Flat Plate Leaching of Aluminum for Crumb Rubber Asphalt Showing 
Concentrations of Aluminum and Predicted Algal Toxicity Using 
Toxicity/Concentration Relationship Derived from Batch Leaching 
Figure 3.2.5.4 shows the flat plate leaching of aluminum into solution. The 
toxicity data that correspond to these chemical measurements are somewhat less 
informative. Due to a low concentration of toxicants, the mixture demonstrated no toxic 
effects for all but the two replicates taken at day 3, which had algal toxicities (EC50) of 
57.54 % and 53.53 %. On the figure, a line is also present that shows the predicted 
toxicity using the results from the relationship between toxicity and Al concentration 
shown in Figure 3.2.5.3.  It is noted that the toxicity fit is relatively poor because the 
range of concentrations found in the flat plate experiment are much lower than most of 95 
the data taken for the batch test and thus the predicted toxicity for the flat plate is an 
extrapolation. The predicted 1/EC50 for algae is non-toxic (<1.25) for all flat plate data. 
At this time, this extrapolated functional relationship for the flat plate data represents the 
best quantification of the information available. 
Crumb rubber asphalt concrete will not demonstrate significant toxicity in the 
model under many situations due to the small toxicity observed during flat plate leaching 
and complete removal of toxicity in all soil samples. It is noted that problems can arise in 
the environment where intensities of rainfall are low, surface areas are large, contact 
times are long, and soil contact is minimal. These situations allow for high 
concentrations in a leachate. It is also noted, however, that the total mass leached in 
these circumstances is quite small, and thus dilution in a receiving water will likely be 
appreciable. 
3.2.6	  Relationship Between Chemistry and Toxicity for SEMASS Asphalt 
Concrete (AC) 
The methods used for the elucidation of the relationship between chemistry and 
toxicity for crumb rubber AC apply equally to SEMASS AC. SEMASS is bottom ash 
from solid waste incineration. As expected for such a material, significant levels of 
metals are present. Concentrations of all metals found in significant qualities in the 
laboratory are shown as functions of time in Figure 3.2.6.1. 96 
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Figure 3.2.6.1 Metals Concentration as a Function of Time for Batch Leaching of 
SEMASS Asphalt Concrete at Ambient pH 
Toxicity as a function of time for the batch leaching of SEMASS is demonstrated 
in Figure 3.2.6.2. The fit of the regression line in this figure is quite good. Unlike both 
ACZA and crumb rubber, toxicities are known at very early times. This aids greatly in 
defining the relationship between toxicity and concentration of the surrogate. 97 
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Figure 3.2.6.2	  Algal Toxicity as a Function of Time for Batch Leaching of SEMASS 
Asphalt at Ambient pH 
Aluminum concentration is shown in Figure 3.2.6.3. The concentration of aluminum 
metal is quite high. The concentrations for SEMASS are significantly higher than those 
found in the crumb rubber asphalt leachate (compare Figure 3.2.6.3 to Figure 3.2.5.2). 98 
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Figure 3.2.6.3	  Concentration of Al as a Function of Time for the Batch Leaching of 
SEMASS at Ambient pH 
As demonstrated previously for other materials included in this study, a statistical 
relationship can be established between a chemical surrogate and toxicity. Since both 
independent variables, chemical concentration and toxicity, can be modeled as power 
functions of time the dependent variable, time, can be removed and a regression can be 
made of toxicity as a function of aluminum concentration as shown in Figure 3.2.6.4. 
The coefficient of determination of the resulting power function is 91.92%. The high 
correlation coefficient is due to increased laboratory samples collected at earlier times. 99 
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The large impact of collecting data points at early times in the leaching 
experiments can be seen in the good relationship of toxicity as percent dilution versus Al 
concentration shown in Figure 3.2.6.5, especially as compared with similar analyses for 
crumb rubber, MMA, and ACZA. 100 
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Batch Leaching of SEMASS at Ambient pH 
The leaching of aluminum and toxicity predicted using the relationship 
demonstrated in Figure 3.2.6.4 for flat plate leaching is shown in Figure 3.2.6.6. As for 
the previous materials, the relationship between toxicity and concentration of surrogate 
was used in conjunction with the regression equation for flat plate leaching to arrive at the 
predicted toxicity shown on the graph. The leaching of Al is not represented as well by 
the power function at the low concentrations characteristic of the flat plate experiments. 101 
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3.3  Computer Model 
3.3.1  Overview of Computer Model 
The computer model itself is written using the macro language for Excel 7.0, 
Visual Basic for Applications. The Excel spreadsheet formulation was implemented to 
allow for intuitive use, simplicity, and direct access to both raw data and output values. 
The model contains data, graphics, textual information, input, output and 
regression coefficients in a set of Worksheets, code in Module Sheets, and user interfaces 
in Custom Dialog Boxes. The user interfaces allow for the selection of parameters 
defining the physical and environmental details of the situation to be modeled. 102 
A complete explanation of the dialog boxes and how each input is used by the model is 
included in Appendix A. 
3.3.2 Conceptual Flow Chart of Model Operation for Four Reference 
Environments 
Figure 3.3.2.1 gives an overview of the user interface used for the computer 
model. As can be seen, the culvert and fill reference environments have been omitted in 
detail in this thesis. Each connecting line in the flow chart allows forward or backward 
progression through the model; this allows changes to be made in an interactive instead of 
sequential manner. 103 
`,'Main Menu 
Phase 11 Fate and Transport. 
Model 
Material Selection  
Dialot2 Box  
Material Notes 
Permeable Highway Sulfate 
Reference Environment 
Select 
Environmental 
Parameters 
Select Soil 
Parameters 
Show Details 
of Soil 
Selected 
Show Tytii6A1 
Values for 
Parameters 
Help with Ka 
Help with 
infiltration 
Rate 
Phase I Sez rch Engine 
Test Selection DialOgPox 
Output Toxicity Results in 
Table Format 
Return to MaimMenu, 
Impermeable Highway Siiif 
Reference  rt) 11111C Ilt 
Select  
Environmental  
Parameters  
Select Physical 
Parameters 
Phase H Search Engine 
Material Selection Dialog  
Box  
Laboratory Test S6 
Output Toxicity Results in  Return to Main Menu 
Table Format 
Filled Borehole  Ph is  
Reference Environment  Reterenc6 Etift  
Select  Select 
Environment d  Environmental 
Parameters  Parameters 
Select  Select 
Environment]  Environmental 
Parameters  Parameters 
Select Soil  Select Soil 
Parameters  Parameters 
Show Details 
esUSoil 
6lected 
Show Typical;  Show Typia 
Values for  Values for 
F'arameters  Parameters 
Help with 
Select Physical  Select Physical 
Parameters  Parameters 
Rul Model 
Output Tables and Graphs 
Return to Main Menu 
Culvert Reference Environment  Fill Reference 
Environment 
Select 
Environmental 
Parameters 
_Select  Select 
Environmental  Environmental 
Parameters  Parameters 
Select Soil  Select Soil 
Parameters  Parameters 
Show Details  Show Details 
of Soil  of Soil 
Selected  Selected 
Show Typical  Show Typical 
Values for  Values for 
Parameters  Parameters 
---IHelp with Kd  --IHelp with Kd 
_1Select Physical  Select Physical 
Parameters  Parameters 
Portion of Model Described 
in Detail in this Thesis 
Figure 3.3.2.1. User Interface Flow Chart 
for Computer Model 104 
3.3.3 Input and Output Tables 
Tables 3.3.3.1 through 3.3.3.3 list the inputs required to run the fate and transport 
model for each of the four reference environments described in detail herein. All values 
listed in the input tables are selected from drop-down menus intended to constrain the 
user to reasonable and applicable values. 
Table 3.3.3.1  Impermeable Highway Surface Reference Environment Table of Inputs 
Input Value  Description  Unit 
Surface Roughness Coefficient, n  Manning's roughness coefficient for pavement surface. 
Slope of Pavement Surface  Average slope of pavement along runoff path.  -
Length of Runoff Path  Maximum length of runoff path on pavement surface.  m 
Depth of Aquifer Below Ground  Depth of aquifer below ground surface.  m 
Surface 
Total Rainfall Depth for Event  Total event rainfall depth.  mm 
Rainfall Event Duration  Duration of rainfall event.  hr 
Time of Day Event Begins  When did rainfall begin? (Solar Time)  time 
Latitude of Site  Used for photolysis, in Lookup Table for light intensity (30,  degree 
35, 40, 45). 
Longitude of Site  Used for photolysis ,  in Lookup Table for light intensity.  degree 
Percentage of Sunshine  Value available from NWS.  % 
Month of Year Event Occurred  Used for photolysis, in Lookup Table for light intensity.  month 
Manual Entry of First Order  Used where the user wants to use an input value instead of  hr'l 
Photolysis Rate Constant  the empirical results. 
Manual Entry of Deaeration  Used where the user wants to use an input value instead of  hr.' 
Coefficient (K, in this thesis) for  the empirical results. 
Volatilization 
Manual Entry of First Order  Used where the user wants to use an input value instead of  hr'l 
Biodegradation Rate Constant  the empirical results. 105 
Table 3.3.3.2 Permeable Highway Surface Reference Environment Table of Inputs 
Input Value 
Pavement Thickness 
Surface Roughness Coefficient, n 
Length of Cracks 
Average Width of Pavement Cracks 
Slope of Pavement Surface 
Length of Runoff Path 
Infiltration Rate Through Pavement 
Depth of Aquifer Below Ground 
Surface 
Soil Type 
Soil Name 
Linear Sorption Coefficient, Kd 
Saturated Hydraulic Conductivity of 
Soil 
Effective Porosity of Soil 
Bulk Density of Soil, pb 
Total Rainfall Depth for Event 
Rainfall Event Duration 
Time of Day Event Begins 
Latitude of Site 
Longitude of Site 
Month of Year Event Occurred 
Manual Entry of First Order 
Photolysis Rate Constant 
Manual Entry of Deaeration 
Coefficient (Kv in this thesis) for 
Volatilization 
Manual Entry of First Order 
Biodegradation Rate Constant 
Percentage of Sunshine 
Description  Unit 
mm 
Manning's roughness coefficient for pavement surface.  -
miny Extent of cracking of pavement per unit area of highway 
(average). 
Average width of cracking on pavement surface.  mm 
Average slope of pavement along runoff path.  -
Maximum length of runoff path on pavement surface.  m 
Help is provided in program for calculation of this  mm/hr 
value. 
Depth of aquifer below ground surface.  m 
Applies to Freundlich Sorption Model only. Implies  -
sorption characteristics. 
User input name of soil being used.  -
If linear sorption model was selected.  L/g 
What is the velocity of water in the soil matrix under a  mm/hr 
unit gradient.  
Effective porosity is the volume fraction of void space in  -
the soil matrix that is available for flow.  
Bulk density of soil.  kg/L  
Total event rainfall depth.  mm  
Duration of rainfall event.  hr  
When did rainfall begin? (Solar Time)  time  
Used for photolysis, in Lookup Table for light intensity.  degree  
(30, 35, 40, 45)  
Used for photolysis, in Lookup Table for light intensity.  degree  
Used for photolysis, in Lookup Table for light intensity.  month  
Used where the user wants to use an input value instead  hr-1  
of the empirical results.  
Used where the user wants to use an input value instead  hr-1  
of the empirical results.  
Used where the user wants to use an input value instead  hr-'  
of the empirical results.  
Value available from NWS.  %  106 
Table 3.3.3.3  Piling Reference Environment Table of Inputs 
Input Value  Description  Unit 
Depth of Bottom of Piling Below  How deep is bottom piling below soil surface?  m 
Ground Surface 
Diameter of Pile  Diameter of pile. If pile is rectangular then  mm 
diameter of pile with identical perimeter is given. 
Depth of Aquifer Below Ground Surface  Depth of aquifer below ground surface.  m 
Soil Type  Applies to Freundlich Sorption Model only.  -
Implies sorption characteristics. 
Soil Name  User input name of soil being used  -
Linear Sorption Coefficient, Kd  If linear sorption model was selected.  L/g 
Saturated Hydraulic Conductivity of Soil  What is the velocity of water in the soil matrix  mm/hr 
under a unit gradient? 
Effective Porosity of Soil  Effective porosity is the volume fraction of void  -
space in the soil matrix that is available for flow. 
Bulk Density of Soil, pb  Bulk density of soil.  kg/L 
Total Rainfall Depth for Event  Total event rainfall depth.  mm 
Rainfall Event Duration  Duration of rainfall event.  hr 
Tables 3.3.3.4 through 3.3.3.6 list the outputs resulting from each of the three reference 
environments. 107 
Table 3.3.3.4 Impermeable Highway Surface Reference Environment Table of Outputs 
Input Value 
Rainfall Intensity 
Slope of Highway Surface 
Surface Runoff Contact Time 
Average Photo Intensity 
Average Photo Intensity/ 
Laboratory Photo Intensity 
Maximum Photo Intensity During 
Rainfall Event 
Minimum Photo Intensity During 
Rainfall Event 
Change in Source Concentration 
from Photolysis 
Photolysis Rate (1s1 order) 
Biodegradation Rate (1s1 order) 
Volatilization Rate (lst order) 
Total Mass Leached from 
Pavement from Surface During 
Contact Time 
Predicted Sensitivity to Target 
Organism 
Predicted Sensitivity to Target 
Organism 
Description 
Average slope of highway surface along drainage path.  
Maximum contact time for a slug of runoff.  
Average intensity of light incident on highway surface  
during event.  
Ratio between light intensity in the laboratory to that  
expected in the field.  
Maximum intensity of sunlight incident to highway  
surface.  
Minimum intensity of sunlight incident to highway  
surface  
Amount of material removed from solution by  
photolysis.  
First order rate constant for photolysis.  
First order rate constant for biodegradation.  
First order rate constant for volatilization.  
Total amount leached from highway surface per meter  
of highway.  
Toxicity of runoff at highway boundary. 
Toxicity of runoff at highway boundary. 
Unit  
mm/hr  
- 
hr  
W/m2  
-
W/m2 
W/m2 
mg/L 
hr-1 
hr-' 
hr-1 
mg/m 
(highway) 
1/EC50 
EC50 (%) 
Table 3.3.3.5 Permeable Highway Surface Reference Environment Table of Outputs 
Input Value 
Rainfall Intensity 
Slope of Highway Surface 
Surface Runoff Contact Time 
Average Photo Intensity 
Average Photo Intensity/Laboratory 
Photo Intensity 
Maximum Photo Intensity During 
Rainfall Event 
Minimum Photo Intensity During 
Rainfall Event 
Change in Source Concentration 
from Photolysis 
Volatilization Rate (1s1 order) 
Photolysis Rate (1St order) 
Biodegradation Rate (1' order) 
Description  Unit 
mm/hr 
Average slope of highway surface along 
drainage path. 
Maximum contact time for a slug of runoff.  hr 
Average intensity of light incident on highway  W/m2 
surface during event. 
Ratio between light intensity in the laboratory 
to that expected in the field. 
Maximum intensity of sunlight incident to  W/m2 
highway surface. 
Minimum intensity of sunlight incident to  W/m2 
highway surface. 
Amount of material removed from solution by  mg/L 
photolysis. 
First order rate constant for volatilization.  hr-1 
First order rate constant for photolysis.  hfl 
First order rate constant for biodegradation.  hr-1 108 
Seepage Velocity Through Soil 
Velocity of Water Through Crack in 
Pavement 
Contact Time of Water in Cracks 
Retardation Factor in Soil 
Volume of Leachate 
Runoff Volume 
Percent Reduction in Mass Due to 
Sorption 
Total Mass Leached Reaching 
Subsurface of Event 
Surface Runoff Concentration 
Predicted Sensitivity to Target 
Organism of Surface Runoff 
Predicted Sensitivity to Target 
Organism of Surface Runoff 
Concentration After Infiltration 
through Cracks in Pavement 
Predicted Sensitivity to Target 
Organism After Infiltration through 
Cracks in Pavement 
Predicted Sensitivity to Target 
Organism After Infiltration through 
Cracks in Pavement 
Velocity of water along pile. 
Velocity of water in cracks. 
Used to compute concentration.  
Ratio of velocity of water to velocity of  
migrating constituent.  
Volume of leachate reaching aquifer per meter  
of highway.  
Volume of surface runoff per meter of highway.  
What fraction of leached contaminant is  
removed due to sorption?  
Total mass leached from both the surface of the  
high and cracks.  
Concentration of runoff before infiltrating  
though cracks in pavement or to surface waters.  
Predicted sensitivity based on concentration in  
leachate.  
Predicted sensitivity based on concentration in  
leachate.  
Concentration of runoff after infiltrating  
through cracks.  
Predicted sensitivity based on concentration in  
leachate.  
Predicted sensitivity based on concentration in  
leachate.  
mm/hr 
mm/hr 
hr 
-
L/m 
(highway) 
L/m 
(highway) 
% 
mg/m 
(highway) 
mg/L 
1/EC50 
EC50 (%) 
mg/L 
1/EC50 
EC50 (%) 
Table 3.3.3.5  Permeable Highway Surface Reference Environment Table of Outputs 
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Table 3.3.3.6  Piling Reference Environment Table of Outputs 
Input Value 
Rainfall Intensity 
Seepage Velocity of Contaminated 
Water 
Cross Sectional Area of Pile 
Volume Flow Rate of Contaminated 
Water Through System 
Diameter of Zone of Influence 
Infiltration Rate in Zone of 
Influence 
Contact Time of Water with Pile 
During Leaching Event 
Concentration of Water at Bottom of 
Pile 
Slope of Log-Log Cumulative 
Release Versus Time Plot 
Intercept of Log-Log Cumulative 
Release Versus Time Plot 
Freundlich Coefficient (N) 
Freundlich Coefficient (Kf) 
Retardation Factor 
Total Volume of Leachate 
Percent Reduction in Mass Due to 
Sorption 
Total Mass Leached for Event 
Total Mass Removed due to 
Sorption 
Net Mass Introduced to Aquifer 
Predicted Sensitivity of Leachate to 
Target Organism 
Predicted Sensitivity of Leachate to 
Target Organism 
Description  Unit 
mm/hr 
Diameter of pile. If pile is rectangular then diameter of  mm/hr 
pile with identical perimeter is given. 
Calculated cross sectional area of pile.  mm2 
Volume of water flowing through zone of influence as  mm3/hr 
a result of event. 
Diameter of zone of influence.  L/g 
Infiltration rate in soil within the zone of influence.  mm/hr 
Maximum value is hydraulic conductivity of soil. 
How long does the pile comes in contact with the water  hr 
in the zone of influence? 
Concentration of water once water leaves bottom of  mmol/L 
pile. 
-
-
For Freundlich sorption option. 
For Freundlich sorption option. 
-
Total volume of water that is contaminated by the pile.  m3 
Total reduction in mass based on the plug flow model  % 
and resulting retardation at breakthrough. 
Total mass of material leached per unit length of  mmol 
highway. 
Total mass removed due to sorption based on  mmol 
assumptions made in model. 
Mass remaining in solution.  mmol 
Predicted sensitivity based on concentration in  1/EC50 
leachate. 
Predicted sensitivity based on concentration in  EC50(%) 
leachate. 
The borehole environment is identical in input and output format to the piling 
environment with the addition of the biodegradation rate constant, which can either be 
entered by the user directly or taken from empirical analysis of laboratory results. 110 
4.  RESULTS  
4.1  Output from Model 
4.1.1  Example Results for the Impermeable Reference Environment 
Four materials tested in Phase II that are used on or as the highway surface were 
found to exhibit toxicity to one or more organisms in the laboratory batch leaching tests. 
These include methyl methacrylate deck sealer, foundry sand asphalt concrete, SEMASS 
asphalt concrete, and crumb rubber asphalt. The leachates from the batch leaching 
experiments at ambient pH underwent soil sorption tests as outlined in the Interim Report 
(Eldin et al., 1997). The results of sorption testing demonstrated that for all but MMA 
leachates, toxicity was completely removed through sorption to below detection limits for 
all test organisms involved. In addition, sorption test soil/solution ratios used in the 
laboratory experiments were lower than those expected in the field. In the laboratory 
experiments toxicity was removed at soil solution ratios of less than 250 mg/L and in 
most cases all toxicity was removed at ratios of either 50 mg/L or 100 mg/L. As a result, 
the materials that exhibit this behavior provided laboratory data that are primarily of use 
in the impermeable environment. Sorption can, however, be approximated by the user in 
the permeable environment through manual selection of a linear sorption coefficient 
because an equilibrium between soluble and sorbed constituents is maintained even at 
very low concentrations. 111 
An example of resulting mass loadings, concentrations and toxicities for each of 
the materials that demonstrated batch leaching toxicity and complete sorption of toxicity 
to soils in the laboratory (i.e., SEMASS AC and Foundry Sand AC) is given in this 
section along with a discussion of results. 
The output table produced from the model after running the permeable reference 
environment with the surface material of SEMASS AC is shown in Figure 4.1.1.1. 
This is a report sheet that summarizes the values input into the 
impermeable highway surface model for SEMASS AC for the previous run. 
Environmental Conditions  
Rain Depth (mm)  
Rain Duration (hr)  
Time of day rain began (Time Index)  
Latitude of site  
Longitude of site  
Month of Year(Month Index)  
Percentage of possible sunshine  
Physical Parameters  
Slope of Highway Surface (Dimensionless)  
Pavement Surface Roughness Coefficient  
Length of Surface Runoff Path (m)  
Manning's Roughness Coefficient (Dimensionless)  
Additional Parameters or Information to be Used in Model  
Rain Intensity(mm/hr)  
Surface Runoff Contact Time (hr)  
Average Photo Intensity, value used in model (W/m2)  
Change in Source Conc. from Photolysis(mg/L)  
Average photo intensity / Laboratory photo intensity  
Maximum photo intensity experienced during rainfall (W/m2)  
Minimum photo intensity experienced during rainfall (W/m2)  
order photolysis rate at model intensity (hr-l) 
order volatilization rate (hr-1) 
Source Concentration(mg/L) 
Mass Calculations  
Total Mass leached from Pavement Surface During Contact Time (mg)  
28 
2.25 
16:00 (16) 
45 
122 
June (6) 
100 
0.0102 
0.0155 
20 
0.0155 
12.44 
0.052 
152.27 
0 
0.149 
179.6 
124.9 
0 
0 
1.430 
18.52 
Figure 4.1.1.1 Model Output Table for the Impermeable Reference Environment with 
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Figure 4.1.1.1 Model Output Table for the Impermeable Reference Environment with 
SEMASS Asphalt Concrete (Continued) 
Toxicity 
Target Organism  algae 
Surface Runoff Concentration (mg/L)  1.430 
Predicted Toxicity of Surface Runoff (1/EC50)  5.11 
Predicted Toxicity of Surface Runoff (EC50(%))  19.57 
The example shown in Figure 4.1.1.1 is for a five-lane highway surface 
(one side) that is longitudinally level with a cross slope of 1.02%. The surface has been 
recently constructed using SEMASS asphalt concrete. No storm events have fallen on the 
surface. The model calculates all values based on a one meter length of highway. The 
storm used in the example has a duration of 2.25 hours and a total depth of 28  mm. 
Surface runoff from the storm has a maximum contact time with the highway surface of 
0.052 hours or 3.21 minutes. This contact time allows the concentration of aluminum to 
reach a concentration of 1.430 mg/L. No photolysis or volatilization of the chemical 
surrogate was observed in the laboratory, as expected for aluminum. If runoff is not 
diluted and toxicity is not removed by other processes (e.g., sorption during sheet flow 
down the embankment or removal by vegetated swales), the resulting toxicity of this 
runoff would be 5.11 (1/EC50) or 19.57% (EC50). This result is in the middle range for 
toxicity. Toxicity in this example is for algae. In other words, there would an expected 
50% reduction in growth of algae if the runoff were diluted approximately 4:1. This is 
deemed a moderate level of toxicity. The dilution of such runoff would be expectedto be 
much greater than this in a typical receiving water. The total volume of runoff from this 
storm event is the total depth of rainfall (28 mm or .028 m) multiplied by the surface area 
of the highway in the watershed (assume 1000 m of highway in watershed 20 m wide or 113 
20000 m2, assuming the width and slope of the highway is uniform throughout the 
watershed). The total volume for the event would then be 560 m3 over the 2.25 hour 
duration of the storm or an average flow rate of 0.0691 m3/sec or 2.44 cfs. If during the 
storm event the receiving water was flowing at an average of 0.346 m3/sec or 12.20 cfs, 
then a 50% retardation of growth in Selenastrum capriconutum could be expected. A 
total mass of surrogate is also output by the model. In this case for each meter of highway 
surface 18.52 mg of aluminum is released. For the same stretch of highway used above, a 
total of 0.01852 kg of aluminum is released to the receiving water. If the receiving water 
was near a lake, this is the expected load reaching the lake from the SEMASS. 
The values given in the model should be used with great care. The above example 
would only apply in locations where the runoff has little chance to interact with solid and 
vegetation in the runoff process (i.e., all drainage is piped or paved). The laboratory 
testing of the interaction of leachates from the batch test indicated that all toxicity was 
removed from leachates at solid/solution ratios above 100g/L. This solid/solution ratio 
would typically be far exceeded where runoff percolates through vegetation and contacts 
embankment soils. Once the material has reached the receiving water further contact 
with suspended materials and sediments could cause a significant reduction in surrogate 
concentration and toxicity. 
It is noted that the storm event and conditions given in this example are meant to 
be conservative. The runoff coefficient for the basin was assumed to be 1.0 or completely 
impervious. If a percent of the runoff from the highway infiltrated, as would be expected 
in a real world situation, the total amount of leachate reaching the receiving water would 
be reduced. 114 
The next example is for foundry sand asphalt concrete used as the surface material 
on a 4 lane highway (one side) with no longitudinal slope and a cross slope of 0.66 
percent. The output from the model is shown in Figure 4.1.1.2. 
This is a report sheet that summarizes the values input into the 
impermeable highway surface model for Foundry Sand AC for the previous run. 
Environmental Conditions  
Rain Depth (mm)  
Rain Duration (hr)  
Time of day rain began (Time Index)  
Latitude of site  
Longitude of site  
Month of Year(Month Index)  
Percentage of possible sunshine  
Physical Parameters  
Slope of Highway Surface (Dimensionless)  
Pavement Surface Roughness Coefficient  
Length of Surface Runoff Path (m)  
Manning's Roughness Coefficient (Dimensionless)  
Additional Parameters or Information to be Used in Model  
Rain Intensity(mm/hr)  
Surface Runoff Contact Time (hr)  
Average Photo Intensity, value used in model (W/m2)  
Change in Source Conc. from Photolysis(mg/L)  
Average photo intensity / Laboratory photo intensity  
Maximum photo intensity experienced during rainfall (W/m2)  
Minimum photo intensity experienced during rainfall (W/m2)  
Is` order photolysis rate at model intensity (hr 1)  
order volatilization rate (hr-I) 
Source Concentration(mg/L) 
Mass Calculations  
Total Mass leached from Pavement Surface During Contact Time (mg)  
Toxicity  
Target Organism  
Surface Runoff Concentration (mg/L)  
Predicted Toxicity of Surface Runoff (1/EC50)  
Predicted Toxicity of Surface Runoff (EC50(%))  
18 
7.25 
16:00 (16) 
45 
122 
June (6) 
100 
0.0066 
PCC Trowel Finish 
(0.0144) 
16 
0.0144 
2.48 
0.095 
177.48 
0 
0.055 
566.44 
0 
0 
0 
0.279 
1.049 
algae 
0.279 
1.854 
53.92 
Figure 4.1.1.2 Model Output Table for the Impermeable Reference Environment with 
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This example is very similar to the results shown in Figure 4.1.1.1. Again it is assumed 
that the highway has been newly constructed and that this is the first storm event to take 
place. The storm event used in this example has a total depth of 18 mm over a 7.25 hour 
period. This gives a rainfall intensity of 2.48 mm/hr. The highway surface is assumed to 
be impermeable and thus all rainfall becomes runoff. Given the hydraulics of the situation 
the contact time with the highway for water running off from the farthest point is 0.095 
hours or 5.7 minutes. This gives a resulting concentration of the surrogate, again 
aluminum was used, of 0.279 mg/L. Due to the empirical nature of the relationship 
between the concentration of surrogate and toxicity no cross-material comparisons can be 
based purely on quantity of surrogate found in leachates. The resulting toxicity of the 
leachate predicted from the model is 1.854 (1/EC50) or 53.92% (EC50). This means that 
if the leachate is diluted 1:1 then the resulting solution would demonstrate a 50% effect 
on algae. Particularly in this case, dilution of the surface runoff to concentrations far 
lower than observed in the direct runoff would be expected. 
If the highway surface were 750 m long and the highway in the watershed is 
uniform in width, slope, and roughness along its length, then the total runoff volume for 
the storm event would be 216 m3. The average flow rate for the runoffover the 7.25 hour 
event would be 0.0083 m3/sec or 0.292 cfs. If the flow rate of the receiving water after 
mixing with the highway runoff were 0.584 cfs, then a 50% retardation of growth in 
Selenastrum capricornutum could be expected. In such a situation, the highway surface 116 
would have to account for a significant potion of the watershed area, particularly where 
other significant portions of the watershed are impervious. 
The total load of aluminum introduced into the receiving water can be found by 
multiplying the total length of highway by the mass released per unit length during the 
storm. The total load is 60.26 g of aluminum. 
The discussion of the effects of sorption in the SEMASS example applies to 
foundry sand AC leachates. All toxicity was removed in the laboratory where leachates 
came into contact with low solid /solution ratios of soil and leachate. Again the 
assumptions used in the example are conservative. 
4.1.2  Results for the Permeable Reference Environment 
All materials that can be used in the on the highway surface  can be used in the 
permeable reference environment. Materials that demonstrated toxicity in the sorption 
experiments provided enough data to construct a Freundlich isotherm for sorption of the 
chemical surrogate for toxicity. As mentioned previously, some of the materials such as 
foundry sand, SEMASS, and crumb rubber demonstrated complete removal of toxicity 
once in contact with soil. These materials, therefore, require the user to input a linear 
sorption coefficient (Kd) to estimate the sorption expected for a specific soil of interest. 
This approach will also be used by users who have a soil that does not closely resemble 
the three types used in the laboratory experiments. Kd values can often be difficult to 
determine without experimental results. 117 
The permeable reference environment accounts for surface and crack leaching as 
well as photolysis and volatilization before the leachate enters the soils below the 
highway surface. After leaching from the material, the leachate is subjected to sorption 
and biodegradation. The following example (Figure 4.1.2.1) demonstrates the permeable 
reference environment for a highway surface constructed using crumb rubber asphalt. 118 
This report sheet summarizes inputs and subsequent output for the  
permeable highway surface model of crumb rubber asphalt for the previous run.  
Environmental Conditions 
Rain Depth(mm)  25 
Rain Duration(hr)  5 
Time of day rain began(Time Index)  8:00 (8) 
Latitude of site  45 
Longitude of site  121 
Month of Year(Month Index)  March (3) 
Percentage of possible sunshine  61 
Soil Parameters 
Soil Type Used  Linear Sorption 
Model 
Porosity of soil  0.3 
Hydraulic Conductivity of Soil(mm/hr)  50 
Bulk Density of Soil (g/L)  1600 
Physical Parameters 
Pavement Thickness(mm)  178 
Depth to Ground Water(m)  3.8 
Infiltration rate(mm/hr)  1.6 
Average Crack Width(mm)  2.97 
Length of Cracks (m/m^2)  1.3 
Slope of Highway Surface(Dimensionless)  0.0131 
Manning's Roughness Coefficient of Freeway Surface  0.02 
Length of Surface Runoff Path(m)  4.2 
Manning's Roughness Coefficient(Dimensionless)  0.02 
Additional Parameters or Information to be Used in Model 
Rain Intensity(rnm/hr)  5.00 
Seepage Velocity (mm/hr)  5.33 
Linear Distribution Coefficient(Kd)(L/g)  0.0012 
Surface Runoff Contact Time(hr)  0.03 
Velocity of Water in Cracks(mm/hr)  414.40 
Contact Time of Water in Cracks(hr)  0.43 
Average Photo Intensity, value used in model(W/m2)  480.38 
Figure 4.1.2.1 Model Output Table for the Permeable Reference Environment with 
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Additional Parameters or Information to be Used in Model (continued) 
Change in Source Conc. from Photolysis(percent)  0.00 
Average photo intensity / Laboratory photo intensity  0.15 
Maximum photo intensity experienced during rainfall (W/m2)  600.48 
Minimum photo intensity experienced during rainfall (W/m2)  288.43 
lst order photolysis rate at model intensity (hr')  0 
lst order volatilization rate (hr-1)  0 
1 st order biodegradation rate (hi')  0 
Mass Calculations (per meter length of highway) 
Total Mass leached from Pavement Surface(mg)  22.05 
Total Mass leached from Cracks(mg)  4.704 
Retardation factor  7.41 
Total Volume of Leachate Reaching Subsurface (m3)  0.0336 
Total Volume of Surface Runoff not Infiltrating (m3)  0.0714 
Percent Reduction in Mass Due to Sorption (%)  86.50 
Total Mass Leached for Event (mg)  26.754 
Target Organism Sensitivity 
Surface Runoff Concentration(mg/L)  0.21 
Predicted Sensitivity to Algae of Surface Runoff(1/EC50)  0.883 
Predicted Sensitivity to Algae of Surface Runoff(EC50(%))  113.24 
Concentration after infiltration through cracks(mg/L)  0.35 
Predicted Sensitivity to Algae after infiltration through cracks(1/EC50)  1.64 
Predicted Sensitivity to Algae after infiltration through cracks(EC50(%))  60.9 
Figure 4.1.2.1 Model Output Table for the Permeable Reference Environment with 
Crumb Rubber Asphalt Concrete with Linear Sorption (Continued) 
The highway surface for the above example is one lane wide (4.2 m) with no 
longitudinal slope and a cross slope of 1.31%. The example has a total rainfall depth of 
25 mm and a duration of 5 hours. This gives a rainfall intensity of 5 mm/hr. As in the 
impermeable model, the contact time is determined from kinematic wave theory. The 
contact time for this example is 0.03 hours or 1.8 minutes. This contact time gives a 
concentration of the surrogate of 0.21 mg/L of aluminum and a related toxicity of 0.883 
(1/EC50). 120 
The toxicity observed in surface washoff is non-toxic to algae, the most sensitive 
organism. 
In order to calculate the concentration after leaching in the cracks, a contact time 
for transport through the cracks must be determined. The user selects the infiltration rate 
through the pavement surface. In the example, the infiltration rate was selected as 1.6 
mm/hr or 32% of the rainfall. Given the thickness of the pavement, width of cracks and 
length of cracks per unit area in the example, the contact time in the cracks  is 0.43 hours 
or 25.8 minutes. This demonstrates that the majority of the contact time with the 
pavement takes place in the cracks, however the surface area is typically smaller than the 
pavement surface. 
Once the leachate has finished traveling through the cracks, the concentration of 
aluminum is 0.35 mg/L. The toxicity of the leachate is now 1.64 (1/EC50), or twice as 
toxic. 
Total masses of aluminum are output by the model for these two leachates 
(surface runoff and infiltration). The total mass released from the surface, during the 
entire event, assuming that the highway is 1000m in length, would be the total  volume of 
rainfall for the event (105 m3) multiplied by the concentration of the surface runoff (0.21 
mg/L). This gives 22.05 g of aluminum. The percent of the volume runoff that infiltrates 
(32%) can by multiplied by this total mass to determine the total mass that infiltrates into 
the cracks. The additional mass reaching the subsurface is found by multiplying the 
concentration in the leachate after traveling though the cracks (0.35 mg/L) by the total 
volume of water infiltrating (33.6 m3). This gives 28.45 g of aluminum that reaches the 
subsurface. The model calculates the total amount of mass removed by sorption and the 121 
retardation factor, which are24.61 g and 7.41 respectively. This means that 86.5 % of the 
mass introduced to the subsurface is sorbed to the soil. This is the best estimate as to the 
percent of total mass of surrogate that will eventually reach the aquifer assuming repeated 
storms of the same intensity. Although the total mass of contaminant decreases 
significantly, the concentration of the leachate at breakthrough is not reduced its arrival 
time is, however, significantly increased through retardation of the contaminant 
breakthrough front. 
The results from the permeable reference environment with crumb rubber asphalt 
concrete paving can be used as input into simple aquifer transport equations. When water 
infiltrates vertically, it will eventually reach the water table and then move laterally to a 
point where it may be withdrawn by pumping (unlikely) or be intercepted by a penetrating 
stream or channel. The interest is in the time it takes for this transport to occur and what 
dilution might be expected. The model computations are necessarily simplistic, in the 
absence of actual physical data, and may be illustrated in this example. If the hydraulic 
gradient in the aquifer is dh/dx = -0.001m/m, the porosity is n = 0.3 and the saturated 
hydraulic conductivity of the solid matrix is K, = 1 mm/s, then the seepage velocity by 
Darcy's law is the Darcy velocity divided by the porosity or: 
vs -(K,/n) dh/dx = 3.33 x 10-6 m/s = 12 mm/hr  4.1.2.1 
and the transport time to a distance 10 meters beyond the edge of the highway would be 
10/v, = 3 x 106 sec = 833.3 hours or 34.72 days. The Darcy velocity itself is 1  x 10-6 m/s 
= 3.6 mm/hr. 122 
Assumptions must be made regarding the mixing of the vertically infiltrating 
water from the permeable highway surface and the laterally migrating groundwater. On a 
per unit length of highway basis, the volume of water that is displaced by the leachate is 
equal to the volume of infiltrating leachate or (0.0336 m3/m). This water moves down 
over an assumed width underneath the pavement of 4.2 m (values could be doubled to 
include the other side of the highway). Thus, 0.0336/4.2 = 0.0080 m = 8 mm of water 
infiltrate. The 8 mm corresponds to 32% of the 25 mm of rain. The time span during 
which this 8 mm reaches the aquifer will be assumed to be the same as the duration of the 
storm, 5 hrs, although it will likely be somewhat longer, as the 8 mm drains from the soil 
column. During the 5 hrs, the volume of water beneath the highway moves 12 mm/hr x 5 
hr = 60 mm, inconsequential compared to the 4.2 m width of the highway. Hence, any 
contaminated leachate that penetrates to the water table moves laterally within an 
unknown depth at the surface of the aquifer, analogous to a playing card sliding along the 
top of the aquifer surface. The infiltrating water has almost insignificant vertical 
momentum, and mixing at the aquifer surface will be very small; however, any dilution is 
unknown. 
But the dilution is unlikely to be important for computation of off-site loadings at 
the highway boundary. Any impact in the groundwater has to be because the groundwater 
is either withdrawn to the surface and/or discharged to an adjacent channel or stream. In 
both cases, the withdrawal occurs over a depth far greater than whatever depth of mixing 
has occurred near the surface and can be expected to yield the entire mass load of 
whatever constituent has entered at the surface. In this case, the timing is thus the only 
significant parameter, 34.7 day travel time for this example for the first appearance of the 123 
constituent and in the absence of any assumptions of sorption or decay. (If the constituent 
were organic and subject to biodegradation, this travel time would offer ample time for 
decay in most circumstances.) Once the constituent reaches the location of its withdrawal 
or discharge, the time taken will be 4.2 m / 0.012 m/hr = 350 hr = 14.6 days for all the 
mass to leave the aquifer, i.e., the time taken for the "playing card" to slide out of the 
aquifer. This is a very long time and one that would permit ample dilution in almost any 
conceivable scenario, in addition to the dilution that would occur due to the overall depth 
of groundwater that is being withdrawn or discharged. 
For the highway with crumb rubber AC pavement it was predicted that 86.5% of 
the Al would adsorb in the highway sub-base, and the remaining 13.5% or 1.6 g might 
reach the water table over the 1000 m length of highway. This 1.6  g would be discharged 
over 350 hrs and subjected to mixing with groundwater from whatever depth is 
intercepted, plus possible dilution in the channel, if the surficial aquifer is intercepted in 
this manner. Assuming that a shallow channel intercepts the top 300 mm of the aquifer, 
the inflow rate to the channel would be 0.3 m x 1000 m x 0.000001 m/s = 3 x 10-4 m3/s. 
This dilutes a mass flow of 1.6 g / (350 x 3600 s) = 1.27 x 10-6 g/s. The concentration of 
aluminum in just the groundwater effluent would thus be 4.2 x 10-3 g/m3  = 4.2 x 10-3 
mg/L = 4.3 ug/L or totally inconsequential. In the unlikely event that greater accuracy is 
needed than these simple model computations, a numerical groundwater model could be 
used. 
The second example in this section demonstrates a permeable highway surface 
that has been recently coated with methyl methacrylate deck sealer. This example has 
been included to demonstrate the results expected for situations where a low organic 124 
content soil (e.g., sagehill, an aridisol) interacts with an organic toxicant (in this example 
TOC is the surrogate for toxicity). This example can be analyzed in the  same manner 
presented for the example shown in Figure 4.1.2.1. The key point to notice for this 
material is that none of the surrogate or related toxicity is removed during transport 
though the soil. This is one of the more noteworthy results of the model and laboratory 
tests. 
Additionally, the Microtox toxicity resulting after leaching though the cracks in 
the pavement is quite high, 30.58 (1/EC50). This means that even if this leachate were 
diluted 30 times, the resulting mixture would be capable of producing a 50% effect in a 
Microtox toxicity test. The soil transport phase does retard the rapid introduction of this 
slug of contaminated water to the aquifer. In a real situation, it would be expected, 
however, that the amount of water infiltrating through cracks in the freeway surface after 
MMA application would be much less than the amount given in the example. The load 
introduced of the surrogate (TOC) is given. It can be seen from the high toxicity of the 
surface runoff in the example that this would be of primary concern and couldpose a 
threat to receiving waters if not sufficiently diluted. The example, therefore, suggests that 
MMA not be used on highway surfaces that make up significant portions of sensitive 
watersheds without proper precautions or best management practices in place for 
prevention of direct entry runoff into a receiving water that will not provide significant 
dilution. 125 
This report sheet summarizes inputs and subsequent output for the 
permeable highway surface model of MMA for the previous run. 
Environmental Conditions 
Rain Depth(mm)  23 
Rain Duration(hr)  4.75 
Time of day rain began(Time Index)  8:00 (8) 
Latitude of site  40 
Longitude of site  117 
Month of Year(Month Index)  May (5) 
Percentage of possible sunshine  61 
Soil Parameters 
Soil Type Used  Aridisol 
Porosity of soil  0.35 
Hydraulic Conductivity of Soil(mm/hr)  49.5 
Bulk Density of Soil (g/L)  1500 
Physical Parameters 
Pavement Thickness(mm)  178 
Depth to Ground Water(m)  3.8 
Infiltration rate(mm/hr)  2.3 
Average Crack Width(mm)  2.85 
Length of Cracks (m/m^2)  1.05 
Slope of Highway Surface(Dimensionless)  0.0128 
Length of Surface Runoff Path(m)  12 
Manning's Roughness Coefficient of Freeway Surface  0.017 
Additional Parameters or Information to be Used in Model 
Rain Intensity(mm/hr)  4.84 
Seepage Velocity (mm/hr)  6.57 
Freundich Coefficient (N)  0 
Freundlich Coefficient (KO  0 
Surface Runoff Contact Time(hr)  0.055 
Velocity of Water in Cracks(mm/hr)  768.59 
Contact Time of Water in Cracks(hr)  0.231 
Average Photo Intensity, value used in model(W/m2)  576.85 
Change in Source Conc. from Photolysis(percent)  0 
Average photo intensity / Laboratory photo intensity  0.177 
Maximum photo intensity experienced during rainfall (W/m2)  704.51 
Minimum photo intensity experienced during rainfall (W/m2)  418.45 
1s` order photolysis rate at model intensity (hr -')  0 
0 1st order volatilization rate (hr-1) 
0 1st order biodegradation rate (hr-1) 
Figure 4.1.2.2 Model Output Table for the Permeable Reference Environment with 
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Mass Calculations (per meter length of highway) 
Total Mass leached from Pavement Surface(g)  2.12 
Total Mass leached from Cracks(g)  10.56 
Retardation factor  1.00 
Total Volume of Leachate Reaching Subsurface (m3)  0.131 
Total Volume of Surface Runoff not Infiltrating (m3)  0.145 
Percent Reduction in Mass Due to Sorption (%)  0 
Total Mass Leached for Event (g)  12.68 
Target Organism Sensitivity 
Surface Runoff Concentration(mg/L)  38.25 
Predicted Sensitivity to Algae of Surface Runoff(1/EC50)  24.10 
Predicted Sensitivity to Algae of Surface Runoff(EC50(%))  4.14 
Concentration after infiltration through cracks(mg/L)  54.47 
Predicted Sensitivity to Algae after infiltration through cracks(1/EC50)  30.58 
Predicted Toxicity after infiltration through cracks(EC50(%))  3.27 
Figure 4.1.2.2 Model Output Table for the Permeable Reference Environment with 
MMA Demonstrating No Sorption of Contaminants (Continued) 
4.1.3  Results from the Piling Microtox Reference Environment 
The following example demonstrates typical results for the piling reference 
environment. The model output sheet is shown in Figure 4.1.3.1. 
This report sheet summarizes inputs and subsequent output for 
the piling model of ACZA for the previous run. 
Environmental Conditions 
Rain Depth(mm)  108 
Rain Duration(hr)  7 
Time of day rain began(Time Index)  8:00 (8) 
Soil Parameters 
Soil Type Used  Mollisol 
Porosity of Soil  0.25 
Hydraulic Conductivity of Soil(mm/hr)  117.5 
Bulk Density of Soil(g/L)  2050 
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Physical Parameters 
Diameter of Pile(mm)  290 
Depth to Ground Water(m)  5.5 
Depth of Pile (m)  3.4 
Infiltration Rate for Area Without Pile(mm/hr)  15.43 
Datum of road Surface  0 
Additional Parameters or Information to be Used in Model 
Rain Intensity(mm/hr)  15.43 
Seepage Velocity of Contaminated Water(mm/hr)  470 
Cross Sectional Area of Pile (mm2)  66051.93 
Volume Flow Rate of Contaminated Water Through System (mm3/hr)  1019086.92 
Diameter of Area Around Pile Which is Considered for flow of Contaminate  311.15 
(mm) 
Infiltration Rate of Contaminated Zone Around Pile (mm/hr)  117.5 
Contact Time of Water with Pile, Time for leaching to occur (hr)  7.23 
Concentration in Water of Contaminant at Bottom of Pile or Vadose  6.17 
Zone(mmol/L) 
Slope of Log-Log Cumulative Release Versus Time Plot(Dimensionless)  0.57 
Intercept of Log-Log Cumulative Release Versus Time Plot(Dimensionless)  0.0062 
Freundlich Coefficient (N)  0.72 
Freundlich Coefficient (Kf)  0.054 
General Model Output 
Retardation factor  335.64 
Volume of Leachate (m^3)  0.00821 
Percent Reduction in Mass Due to Sorption (%)  99.70 
Total Mass Leached for Event(mmol)  50.70 
Total Mass Removed due to Sorption(mmol)  50.55 
Net Mass Introduced to aquifer (mmol)  0.15 
Target Organism Sensitivity 
Leachate Concentration (mmol/L)  6.17 
Predicted Sensitivity of Leachate to Microtox, 1/EC50  101.47 
Predicted Sensitivity of Leachate to Microtox, EC50(%)  0.99 
Figure 4.1.3.1 Model output table for Piling Reference Environment with ACZA Wood 
(Continued) 
The model output shown in Figure 4.1.3.1 contains much useful information about the 
overall effects of the leaching and transport. The volume of the leachate is only 8.21 L, 
but is at an average concentration of 6.17 mmol/L. This is due to the relatively small 
amount of water moving over the relatively large piling surface area. The resulting total 
mass leached is 50.7 mmol, but 99.70 % of the mass (in moles) is removed by adsorption 128 
during the rainfall event. The total mass remaining in solution at the end of the event is 
0.15 mmol. If it is assumed that this remaining mass reaches the aquifer, this value could 
be used for dilution calculations or loading into a groundwater model. The model thus 
provides boundary conditions for further subsurface receiving water analysis. 
Note from Figure 4.1.3.1 that there is no change in concentration due to sorption, 
just a retardation (delay) in arrival ("breakthrough") of the concentration front of the 
metals compared to the water movement. The concentration of 6.17 mmol/L is extremely 
toxic to algae and to Microtox bacteria (from the model output) but is contained in a 
relatively small amount of water (8.21 L) and is thus susceptible to dilution. 
How far will the heavy metals migrate in the soil? Another way to ask the 
question is, how deep a soil column is necessary to remove all the millimoles of 
As+Cu+Zn that begin their vertical descent? From the retardation factor (335.64), the 
wetting front penetrates at a velocity 335.64 times faster than the contaminant's break-
though front. When the retardation factor is of this magnitude (>>10), then the solute is 
essentially immobile. The contamination would move only 2.45 mm during the duration 
of the storm, and 99.70% of the metals would sorb to the soil matrix. However, 
regardless of the depth of soil, duration of the storm event, or the retardation observed, 
this would be a temporary loss since some of the sorbed metals would desorb into cleaner 
water during future infiltration events. Eventually if all the metals desorb, the entire 
initial loading reaches the receiving water! But this may take months, or years such that 
the impact could be less detectable in the ambient receiving waters. Nonetheless, the 
small "slug" of 8.21 L would be highly toxic within its very small region of influence. 129 
Note that the model provides the average concentration within the water column 
and the total loading of the surrogate chemicals. Since the infiltration volume is also 
given, this may be used for mixing computations with the ambient groundwater to predict 
the diluted concentration within the ambient water in the same way demonstrated for the 
crumb rubber example. Hence, the model user can assess the relative impact of one 
piling. The results can be multiplied by the number of similar pilings if necessary. 
4.2  Impermeable Reference Environment Sensitivity 
This section demonstrates the sensitivity of the impermeable reference 
environment to variations in input parameters. The impermeable environment provides a 
simple environment to examine the relationship between parameters involved in the 
model. In order to demonstrate sensitivity, an example using crumb rubber is given. The 
sensitivity of the model to variations in input parameters is similar for all materials. 
The physical and environmental conditions during the leaching of constituents 
from an asphalt surface play an important role in determining the resulting toxicity of 
surface runoff The total mass released of a surrogate chemical species, in this case 
aluminum, is also dependent on the hydraulic and environmental properties. High 
concentrations and related toxicity observed are of key importance where little dilution in 
receiving waters occurs (e.g., headwaters of a drainage). On the other hand, total mass 
released is of more concern where receiving waters will significantly dilute surface 
runoff. There exists a complex relationship between the hydraulics of a particular 
hypothetical field site and the leaching of a material. Flux of contaminants into runoff is 
estimated by extrapolation from flat-plate leaching conducted in the laboratory. In the 130 
case of crumb rubber asphalt, no significant toxicity to algae was observed during flat-
plate leaching. The main factors that affect the concentration and toxicity of runoff are 
dilution and contact time with the pavement. Contact time with the pavement is directly 
related to the hydraulics of surface flow. Contact time decreases as runoff flow path 
length decreases (i.e., highway width decreases), roughness coefficient decreases, slope of 
the highway increases, and rainfall intensity increases. Coupled with these effects, 
however, is the influence of dilution, which increases with rainfall intensity. The effect of 
increasing rainfall intensity is demonstrated in Figure 4.2.1, which both decreases runoff 
time and increases dilution, resulting in lower concentrations and mass of contaminants in 
surface runoff. This simulation uses a 1-hr rainfall duration and assumes that runoff for 
the whole hour has the same concentration as during the first time increment (the first 
increment of runoff contact time with the pavement). This is done in order to simplify 
the computation of runoff depth, for explanatory purposes, (i.e., the depth is simply the 
intensity multiplied by 1 hr). The computation is done for a two-lane highway with a 
total width of 24-ft width (7.32 m) and for a unit length (1 m) of highway. Hence, the 
total mass would be computed by multiplying by the length of the highway under study. It 
is interesting that mass decreases with increasing intensity, in spite of the additional 
runoff volume created, because of the reduced residence time on the highway surface. 
The results shown are taken from multiple runs of the computer model. 131 
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Figure 4.2.1	  Concentration of Al (surrogate for toxicity) and Mass per Unit Length of 
Highway in First Flush as a Function of Rainfall Intensity for Runoff 
from a Typical Impermeable Two-Lane Highway Surface Constructed 
using Crumb Rubber Asphalt 
The user of the model is able to apply the results seen in Figure 4.2.1 along with runoff 
volume to determine the effects of dilution, in a receiving water body, on concentration. 
The resulting effect on receiving waters can be approximated as the flow-weighted 
average of the concentrations, assuming complete mixing. The volume flow rate of 
runoff leaving the highway surface is output by the model and can be used in these 
calculations. In the case described above, the effluent itself did not exceed two toxic 
units (1/EC50). This benchmark is often used as a typical toxicity requirement (Lankford 
and Eckenfelder, 1990). The model allows the user to predict if the surface runoff from 
this material will exceed some standard. Toxicity will most likely be reduced in the field 132 
due to other processes such as sorption to particulates; complete removal of toxicity was 
observed for crumb rubber asphalt during soil sorption tests. The current results from the 
laboratory and the model allow for preliminary examination of potential toxicity 
problems associated with the C&R materials. For this example, crumb rubber would 
appear to be relatively non-toxic even under worst case conditions, as is demonstrated in 
a realistic scenario presented in Figure 4.2.2. 
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Figure 4.2.2	  Algal Toxicity (1/EC50) as a Function of Rainfall Intensity for Runoff 
from a Typical Impermeable Two-Lane Highway Surface Constructed 
using Crumb Rubber Asphalt 
4.3  Model Application 
The model is useful for evaluating the laboratory results obtained from Phase II of 
the NCHRP project. As can be seen from the examples of the model given in Section 133 
4.1, many of the factors involved in the reference environments lend themselves to 
evaluation by an automated model. The model provides a quick and efficient method for 
evaluation of the potential environmental effects of using new and waste amended 
materials in the highway environment. 
The most likely practical use of the model is for potentially environmentally 
sensitive areas where the materials studied are being considered for use. The model could 
greatly help with submittal of environmental impact statements and environmental 
assessments and is anticipated for such use by departments of transportation. 
Recently, the typical chemical approach to environmental assessment is giving 
way to an increased interest in toxicity and biological impacts. Toxicity allows one to not 
only evaluate the chemical makeup of a leachate but predicts how a complex suite of 
compounds may affect the environment. This model attempts to bridge the gap between 
these two methodologies through a combination of classical fate and transport theory and 
statistical analysis of toxicity results. 134 
5.  CONCLUSIONS  
5.1  Summary of Results 
The laboratory results from many of the materials in the study indicated 
significant toxicity (see Table 2.1.2.2). The model allows the user to evaluate these 
materials and assess their potential environmental impact on both surface and ground 
waters. The major contribution the model provides is calculating masses and 
concentrations of leachates as well as providing related toxicities. The simple modeling 
methods used allow the user to focus on how the materials interact with variation of 
environmental parameters. One of the most effective ways of operating the model is 
though repeated runs with variation of a single parameter. This allows the user to 
understand how variations in design of a highway section could affect the way the 
highway interacts with the environment. 
In the majority of cases the key design parameter for the materials examined is 
ample separation between receiving waters and sources of potentially toxic leachates. All 
of the materials demonstrated a significant reduction in toxicity as a result of soil 
sorption, with the exception of MMA. This could help a designer by emphasizing the 
importance of interaction between soils and vegetation and runoff Even for some of the 
most toxic leachates found in the study (e.g., ACZA)  , significant toxicity reduction was 
observed in laboratory experiments, and thus in the model, by soil sorption. The only 
major exception to this general rule is MMA. The MMA leachates, under some 
conditions (e.g., long contact times resulting from long surface paths or shallow slopes), 135 
can be quite toxic. The greatest problem presented by this material is that it is not sorbed 
in the subsurface and does not biodegrade, photolize, or volatilize. This material is most 
likely presents the largest risk found in the study. 
5.2  Future Work 
As mentioned in the main portion of this thesis, additional materials and related 
reference environments are available in the digital version of the model, which can be 
obtained from Oregon State University, the Department of Civil, Construction, and 
Environmental Engineering. These environments were excluded from this thesis in order 
to better focus on the environments that have been included. The two other environments 
include an embankment fill reference environment for the waste/aggregate mixtures listed 
in Table 2.1.2.2 and a culvert environment that includes flow both through a culvert and 
groundwater flow in the vertical direction around a culvert. The borehole environment 
was mentioned periodically throughout this thesis, but it is identical in formulation to a 
piling and its application is limited. Therefore, it was not considered as a primary focus 
of discussion and examples. 
Anticipated future additions to the model focus on Phase III of the NCHRP 
project. This phase will include laboratory experiments at the microcosm level, which 
will help to improve the long-term real-world prediction capacities of the model. The 
current model examines the impact of the "first flush". Additions to the model, will, in 
the future, include desorption of contaminants and depletion of leachable materials. Both 
of these features are integral with a long term model of the physical system. In addition, 
the hydrology section of the model could be greatly improved in conjunction with long 136 
term prediction. Incorporation of actual and synthetic rainfall event information (e.g., 15-
min or hourly NWS data), as opposed the current rectangular rainfall distribution, would 
allow for examination of the effect of long term, real-world, conditions. More detailed 
incorporation of hydrologic parameters for the receiving waters for the runoff would 
allow for improved calculation of runoff concentrations and predicted toxicities for field 
conditions in question. The integration of a larger quantity of laboratory data that is 
expected from the NCHRP Phase III work will allow for some degree of validation of the 
model in more realistic environments. A larger pool of laboratory tests would allow for 
better statistical correlation of results. Improvements in sampling methods would allow 
for wider spreads of data as they relate to the independent variable in each experiment. 
Clustering of data in Phase II of the NCHRP project presented statistical problems for 
correlation between parameters. Larger flat plate surface areas will improve data 
consistency for leaching function development. The use of a drying cycle may also allow 
for better understanding of how interevent periods can be integrated into the leaching 
model. In addition, the use of speciation information for both inorganic and organic 
compounds would greatly improve the surrogate relationships developed in this thesis.  It 
is also expected that the model will undergo improvements in order to better relate the 
impact toxicities may have on receiving waters through correlation with "benchmark" 
values for test organisms. 
The current model also serves as a database for all laboratory information such 
that it is available to the user. This function will be expanded to included the results from 
Phase II and may include links to a "true" database, such as Access, in order to better 
organize laboratory results in a comprehensive manner. 137 
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APPENDIX A.  USER INTERFACE DESCRIPTION AND  
GENERAL INSTRUCTIONS  
A.I  Introduction 
This Appendix contains the user interfaces (i.e., dialog boxes) used in the model 
for the two search engines and each of the three reference environments included in this 
thesis. Also listed are brief instructions for use. 
A.2  Search Engine for Phase I Laboratory Results 
The model includes an active search engine that allows the user quick menu 
driven access to the results of the NCHRP project Phase I results. The starting menu 
screen follows a graphical introduction screen and allows the user to select between the 
major portions of the model. Figure A.2.1 shows this screen with the Search Phase I 
option button selected. 
Phase Selection Dialog 
Search Phase I Results 
n Search Phase II Database 
Run Phase II Fate and Transport Model 
Literature Values for Toxitity and Water Quality Standards 
Continue 
Exit 
Figure A.2.1 Starting Menu for Model with Search Phase I Results Option Button 
Selected 
Figure A.2.2 shows the dialog box that allows selection of an individual test 
conducted in Phase I of the Project. After the test of interest has been selected a report 
sheet is produced in Excel containing the toxicity results for all organisms tested in Phase 
I. The user is then sent back to the Starting menu to either run another Phase I search, 
exit, or continue to one of the other sections of the model. 1 46 
Phase 1 Results Search 
This is a list of toxicity tests that were conducted in the laboratory.  
Select one and procede to display results found For that sample.  OK  
ACZA Treated Timber Elutriate  
ACZA Treated Timber Shavings/ Aridisol Elutriate-definitive  
ACZA Treated Timber Shavings/ Mollisol-deFinitve Elutriate  
ACZA Treated Timber Shavings/OoC -definitive Elutriate  
ACZA Treated Timber Shavings Ultisol Elutriate-defininitve  
ACZA Treated Timber Shavinos-definitive Elutriate-definitve  
ACZA Treated Timber/ 0oC Elutriate  
ACZA Treated Timber/ Aridisol Elutriate  
ACZA Treated Timber/ Mollisol Elutriate  
ACZA Treated Timber/Ultisol Elutriate  
CCA treated timber shavings Elutriate  
CCA treated wood shavings Elutriate  
CCA treated wood shavings/ frozen 0oC 4 days Elutriate  
CCA treated wood shavings/Aridisol Elutriate  
CCA treated wood shavings/Mollisol (Woodburn II) Elutriate  
CCA treated wood shavings/Ultisol (Dory) Elutriate  
Cement, Asphalt Rubber PBA-6GR  Aridisol Elutriate  
Figure A.2.2  Phase I Search of Results Dialog Box 
A.3  Search Engine for Phase II Laboratory Results 
The following example steps through how a user can obtain laboratory results 
from Phase II from the model through the user interface. The user again beings at the 
start menu. The Search Phase II Database option is selected to begin the process of 
finding the results of Phase II testing. Figure A.3.1 shows the starting menu with the 
Phase II Database option button selected. 147 
Phase Selection Dialog 
C Search Phase I Results 
Search Phase II Database! 
C Run Phase II Fate and Transport Model 
r Literature Values For Toxitity and Water Quality Standards 
Continue 
Exit 
Figure A.3.1 Starting Menu for Model with Search Phase II Database Option Button 
Selected 
Once the Phase II Search has been selected the user is asked for which material 
tested in Phase II he/she is interested in obtaining results. Figure A.3.2 shows the dialog 
box for material selection. 
Material Selection Dialog Box 
Choose one of the C&R Materials from the list below 
6 TCP 
ACZA 
MMA 
Crumb Rubber AC 
Shingles AC 
Semass AC 
Bottom Ash AC 
Steel Slag BOF AC 
Continue 
Back 
Exit 
The following option displays information, as described directly after 
this dialog box. 
l Display notes for material 
Figure A.3.2  Material Selection Dialog Box for Phase II Results Search 
If the "Display Notes for Material" check box is selected in the Materials 
Selection dialog box then the Notes dialog box is displayed as shown in Figure A.3.3 
according to the material selected. 148 
Notes  Eil 
Ammoniacal Copper Zinc Arsenate (ACZA) treated wood can 
be used in highway construction as material for vertical piles.  Continue 
ACZA acts as a preservative where copper serves as a 
fungicide and arsenic pentoxide and zinc act as an effective 
insecticides. 
Material was taken from 4"x4"x8' boards which were shaved 
for elution, The ACZA formulation typically contains 25% Zn 
as zinc oxide, 50% Cu as cupric oxide, and 25% As as arsenic 
pentoxide. Ammonia catalyzes fixation of the metals to the 
wood fibers, 
From data produced From the laboratory it was determined 
that the sum of Zn, Cu, and As in mmol/L was the best 
surrogate for toxicity that was identified. The model uses 
these metals in the highway environment to indicate toxicity of 
leachates. 
Figure A.3.3  Notes on Material Selected Dialog Box for Phase II Results Search 
The next dialog box presented to the user asks for selection of one of the tests run 
in the Phase II laboratory work. The dialog box for this process can be seen in Figure 
A.3.4. 
Phase II Results Search 
This is a list of all the tests conducted for the material selected.  
Please slect on of these tests to view the results and a brief interpretation.  OK  
Elution (ambient  
Elution (pH 8.0)  
Elution (pH 4.0)  
Olyic Soil Sorption  
Woodburn Soil Sorption  
Sagehill Soil Sorption  
Photolysis  
Volatilization  
Biodegradation  
Flat Plate  
Column #1 Leaching (10 mLihr)  
Column #2 Leaching (16 mLihr)  
Figure A.3.4  Specific Test Selection Dialog Box for Phase II Results Search 
After the "OK" button has been clicked the model looks up the results for the 
material and test conducted and displays them in tabular format. 149 
A.4  User Interface for Impermeable Highway Surface Reference Environment 
This example shows the process for examining the effects of MMA on surface 
runoff concentrations. Figure A.4.1 shows the starting menu with the Phase II Fate and 
Transport Model option button selected. 
Phase Selection Dialog	  13 
Search Phase I Results 
Search Phase II Database 
iRun Phase II Fate and Transport Modell 
C Literature Values for Toxitity and Water Quality Standards 
Continue 
Exit 
Figure A.4.1	  Starting Menu for Model with Run Phase II Fate and Transport Model 
Option Button Selected 
The next step is selection of the highway C&R material is shown in Figure A.4.2. 
Material Selection Dialog Box 
Choose one of the C&R Materials from the list below  Continue  I 
2,4,6 TCP 
ACZA  Back 
MMA 
Crumb Rubber AC  Exit  I 
Shingles AC 
Semass AC 
Bottom Ash AC 
Steel Slag BOF AC 
The following option displays information, as described directly after 
this dialog box. 
Display notes for material l 
Figure A.4.2 Material Selection Dialog Box for Phase II Results Search Fate and 
Transport Model 
For each material a defined set of reference environments are available for 
selection. The impermeable environment is selected in this case. 150 
Selection of Reference Environment  E3 
Runoff from permeable highway surface  Continue 
Runoff from impermeable highway surface  Back 
Exit 
C-. 
r. Bore hole 
Culvert 
Figure A.4.3 Selection of Reference Environment for MMA with Impermeable Option 
Button Selected 
The reference environment dialog box is a menu for selection of all parameter 
sub-dialog boxes. The continue button on this dialog box runs the model. 
Reference Environment for Impermeable Highway Surface 
Continue  I  Back  Exit
Environmental Conditions 
Rain Physical Parameters 
P avent exit 
Check for Conflicts 
Descrip tion: Runoff from impermeable highway surface. 
Pathways: Surface flow 
Primary Processes: Photolysis, V olitilization 
Source Term Model Parameter: Maximum leaching capacity 
(elutri ate extraction), 
Flat Plate L e aching (typical value) 
Figure A.4.4 Reference Environment for Impermeable Highway Surface Main Dialog 
Box 
Figures A.4.5 and A.4.6 show the dialog boxes for selection of all relevant 
environmental conditions and physical characteristics of the reference environment. 151 
Environmental Conditions Dialog 
Rainfall Information  OK 
Water temperature (C) 
Photolysis Information 
126  zJ  Latitude to nearest degree 
Total rainfall event depth (mm) 
130 
164 
Longitude to nearest degree 
Duration of rainfall event (Hours) 
116 
Month of year 
'June 
Time of day event begins  Percentage of possible sunshine 
-Other Information 
116:00  1100 
Figure A.4.5 Environmental Conditions Dialog Box for the Impermeable Reference 
Environment 
Physical Characteristics 
Used for surface concentration 
Average slope of pavement  OK 
10.0095 
Length of surface runoff path (m) 
8 
Closest pavement surface type 
0.016 
Figure A.4.6 Physical Characteristics Dialog Box for the Impermeable Reference 
Environment 
A.5  User Interface for Permeable Highway Surface Reference Environment 
The permeable reference environment dialog boxes are shown in Figures A.5.1 
through A.5.8. The reference environment selection dialog box is shown in Figure A.5.1. 152 
Selection of Reference Environment  E3 
G Runoff from permeable highway surface 
r Runoff from impermeable highway surface 
C  Pilin 
C Fill Sub1 &tt to iritilUatior. 
C sore hole 
r Culver: 
Figure A.5.1 Selection of Reference Environment for MMA with Impermeable Option 
Button Selected 
After selection of the reference environment the following reference environment 
dialog box (Figure A.5.2) acts as a menu for accessing the parameter dialog boxes. The 
Runoff Model button runs the model. 
Reference Environment for Runoff from Permeable Highway Surface 
Run Model E  Back  Exit 
Select Environmental Conditions  I 
Rain
Select Soil Type and Parameters  I 
Pavement 
Select Physical Parameters 
Ground Wato 
Descrip lion: Runoff through permeable highway surface. 
Pathways: Subsurface, Surface flow 
Primary Processes:Sorption, Biodregradation, Photolysis, Volitilization 
Source Term Model Parameter: Maximum leaching capacity 
(elutriate extraction), 
mass transfer rate (column test) 
Figure A.5.2  Reference Environment Dialog Box for the Permeable Highway Surface 
The following six dialog boxes (Figures A.5.3 through A.5.8) shown the sub-
dialog boxes for the permeable reference environment. The soils help dialog boxes are 
also used in the piling and borehole environments to help the user select soil parameters. 
All of these sub-dialog boxes bring the user back to the Reference Environment Dialog 
Box, seen in Figure A.5.2, when the continue button is pressed. 153 
Environmental Conditions Dialog 
Rainfall Information 
Total rainfall event depth (mm) 
18  
Duration of rainfall event (Hours)  
Other Information 
Time of day event begins 
IH:nn 
OK 
Photolysis Information 
Latitude to nearest degree 
130 
Longitude to nearest degree 
1119 
Month of year 
!August 
Percentage of possible sunshine 
161 
Figure A.5.3  Environmental Conditions Dialog Box 
Soil Selection Dialog  B© 
OK 
Soil Parameter Selection 
Effective porosity(residual moisture  Saturated hydraulic conductivity (mm /hr) 
10,3  1101.5 
Bulk density of soil 
12.65  Show typical values for parameters :J 
Two options are available for the calculation of sorption.  
Method 1: uses Kd (linear isotherm)  
Method 2: Empirical laboratory sorption data for one of three soil types listed (Freundlich  
Choose one of the two methods below and modify the related parameters,  
6- Use Method 1 (linear isotherm)  Use Method 2 (Empirical) 
Kd  Soil type 
111,11114  V 11 
Help with Kd  Show details of soil selected 
Figure A.5.4  Soil Selection Dialog Box 154 
Typical Soil Parameters 
Source:  
Rawls et al., 1983, "Green-Ampt Infiltration Parameters from Soils  OK  
Data," J. Hydraulic Engineering, ASCE 109(1):62 -70.  
Soil Class  Effective porosity  Hydraulic Conductivity (crnihr) 
Sand  .417 (,354-.480)  11.78  
Loamy sand  .401 (.329-.473)  2.99  
Sandy loam  .412 (.283-.541)  1.09  
Loam  .434 (.334-.534)  .34  
Silt loam  .486 (.394-.578)  .65  
Sandy clay loam  .330 (.235-,425)  ,15  
Clay loam  .309 (.279-.501)  .10  
Silty clay loam  .432 (.347-.517)  ,10  
Sandy day  .321 (.207-.435)  .06  
Silty clay  .423 (.334-.512)  .05  
Clay  .385 (.269-,501)  .03  
Numbers in parentheses give one standard deviation around the parameter 
Figure A.5.5 Help with Soil Characteristics Dialog Box 
Soil Details 
Description of Soil: 
OK 
Parent material is mixed alluvium. Woodburn is of a fine-silty, mixed 
mesic family, of the Suborder Aquultic Argixerolls, of the Mollisol Order. 
Soil Origins: 
The Woodburn soil is one of several deep, well-drained to poorly 
drained soils formed in the river terraces that make up the floor of the 
Willamette Valley in Benton County, Oregon. 
Other 
Permeability (15.24- 50.8(mm /hr)), Organic Matter (3-5%), Water 
Capacity (.19-.21), Suitability as source of road fill (Fair, low strength 
wetness). 
Figure A.5.6  Soil Details Help Dialog Box 155 
Help with Kd  IDE 
The linear isotherm can be described by the equation: 
Continue 
K,C 
Where,  
5 is the mass of solute sorbed per dry unit weight of solid (mg/kg)  
C is the concentration of the solute in solution in equilibrium with mass of the solute sorbed onto the solid  
(mg/L)  
Karickhoff et al. (1979) found a strong empirical correlation between Kd and the organic carbon content 
of a sediment for hydrophobic organic compounds. Thus the term Koc is defined as: 
K 
/Luc 
fog 
Where,  
fac is the fraction of solids that are organic carbon.  
Experimentally the Koc value has been related to Kow, the octanol water partition coefficient, and the  
solubility of particular classes of organic compounds. See Bedient et al. (1994) "Ground Water  
Contamination", p. 174 and others.  
Figure A.5.7  Help with Kd Dialog Box 
Physical Characteristics 
General Information  Used for CrackiJoint Contact Time 
Thickness of pavement (mm)  Length of cracking or joints per 
OK 
1178 
unit area (rrifri-i"2) 
Depth to ground water (m)  11.3 
13,8  Average width of crack (mm) 
Elevation datum of road surface 
13.14 
11_1  Used to find infiltration velocities 
Surface infiltration rate (mmjhr) 
Used for surface runoff time 
15.9 
Average slope of pavement 
u.0131  2:1 
Help Determine Infiltration Rate  I 
Length of surface runoff path (m) 
4 
Closest pavement surface type 
(Manning Coefficient) 
iFiCC L-Tinned (0.0157) 
Figure A.5.8  Physical Characteristics Dialog Box 156 
A.6  User Interface for Pile Reference Environment 
The above explanations for the permeable environment apply to the piling 
interfaces, as well. There are essentially three main parameter dialog boxes, Figures A.6.2 
through A.6.4, that show all of the parameter selection interfaces that branch off of the 
main reference environment dialog box shown in Figure A.6.1. 
Reference Environment for Piling 
Run Model  I  Back  Exit
Select Environmental Conditions 
I 
Rain Select Soil Type and Parameters 
Select Physical Parameters 
Description: Piling 
Pathways: Subsurface flow 
Primary Processes: Sorption, B io the gradation 
Source Term Model Parameter:  Fla2Plate leaching 
mass transfer rate (flat plate leaching) 
Figure A.6.1  Piling Reference Environment Dialog Box 157 
Environmental Condition Dialog 
Rainfall Information 
Total rainfall event depth (mm)  OK 
1108 
Duration of rainfall event 
Other Information 
Tin-ie of day event begins 
18:00 
Figure A.6.2  Environmental Condition Dialog Box 
Physical Parameters (Piling) 
General Information 
OK  I Diameter of circular cross section pile (rrim) 
or effective radius of rectangular pile (mm) 
(effective radius is defined as the radius of a 
circle that has the same circumfence as the 
perimeter of a rectangular pile) 
1290 
Depth of Pile (m) 
13.4 
Depth to ground water (m) 
15.5 
Datum of soil surface (m) 
Figure A.6.3  Physical Parameters Dialog Box for the Piling Environment I 58 
Soil Selection Dialog 
Soil Parameter Selection 
Effective porosity 
luz5 
Bulk density of soil 
12.65 
OK 
Saturated hydraulic conductivity (mmjhr) 
1117.5 
Show typical values for parameters 
Two options are available for the calculation of sorption.  
Method 1: uses Kd (linear isotherm)  
Method 2: Emperical laboratory sorption data for one of three soil types listed (Freundlich  
Choose one of the two methods below and modify the related parameters.  
r Use Method 1 (linear isotherm)  6- Use Method 2 (Emperical) 
Kd  Soil type 
10.736  kloWsol 
Help with Kd  Show details of soil selected 
Figure A.6.4  Soil Selection Dialog Box 